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PREFACE TO THE SECOND EDITION 


A new edition of a textbook presupposes that : 

1. The principles underlying the treatment of the subject in the 
first edition have so justified themselves as to make their continuance 
in a second edition desirable, and 

2. The author, whether others do or not, recognizes that there is 
sufiBcient opportunity for correction, addition, and improvement to 
warrant the labor involved. 

Comments of scientific friends and colleagues on both sides of the 
Atlantic have encouraged the belief that the first statement is true. 
The author is probably in better position than anyone else to recognize 
the shortcomings of the first edition and to forecast some degree of 
improvement in a second presentation. 

In its new form the work is more of the nature of a textbook and less 
of a handbook for investigators. Since the first edition appeared there 
has been published a perfect avalanche of new and pertinent results of 
research. The task of selection and digestion of these papers has not been 
easy. Much had to be laid aside. Errors in the first edition, some 
of fact and some of typography, have been corrected. Much material, 
not strictly physiological, has been removed. Also, there has been 
much rearrangement of material in order to secure a more logical presenta- 
tion. The major part of the book has been rewritten, and all has been 
reset. Much material, some being the results of research in the author^s 
laboratory, is here presented for the first time in textbook form. 

For suggestions, helpful criticisms, and very many reprints of papers 
the author is indebted to a host of friends and correspondents. 

C. G. Rogers. 

Oberlin, Ohio, 

1938. 



PREFACE TO THE FIRST EDITION 


: More than; a half century ago H. Milne Edwards, lecturing before the 
students of the University of Paris upon the^ Physiology and Comparative 
Anatomy of Man and Animals, furnished an ideal of physiological teach- 
ing which has to a certain extent been lost, and to which it seems desirable 
to return. His grasp of the subject was broad, well balanced, and far- 
reaching in its significance. The high degree of specialization of the 
biological sciences in more recent days, through attention to almost end- 
less detail, particularly upon the morphological and medical sides, has 
narrowed the mental field of vision and distorted the normal perspective 
of the subject. 

Physiology has not had the same attraction for the undergraduate 
student or the same favorable opportunity for growth that has been 
enjoyed by the other biological sciences. Failure to appreciate the 
physiological point of view, associated with the great emphasis placed by 
zoologists upon purely morphological works, the lack of trained teachers 
and of suitable texts, the lack of information as to sources of material, 
sometimes lack of funds to provide for practicable experimental work, 
and too close adherence to medical tradition have all contributed to this 
situation. 

This volume is the outgrowth of a course in comparative physiology 
which has for a number of years been offered to students in Oberlin Col- 
lege. Their response to the general method of presentation has encour- 
aged the author to put the material into a more generally accessible form. 
It is the purpose of this volume to help modify some of the existing condi- 
tions, to assist in the return to the broader view of physiology, and to offer 
to biological students with an elementary knowledge of physics and chem- 
istry a cultural background of physiological ideas and ideals not to be 
gained from a study of technical mammalian physiology alone. The 
physiology of animals is really functional zoology. In so far as the author 
is aware, no other textbook of college grade approaches the subject from 
this standpoint. Since it is functional zoology, it concerns itself with the 
primary functions of animals of all groups, especially of the invertebrates 
which constitute probably not far from 93 per cent of all known species of 
animals. No attempt is made to folio#; the stereotyped form and con- 
tent of medical physiology. On the contrary, every attempt is made to 
give to the student definite ideas of the fundamental unity of inorganic 
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and organic worlds, of a similar unity of life and of animal functions in 
different animal groups, of some conception of evolutionary changes in 
a.m‘Tna.1 functions as well as in animal structures, of the fundamental 
significance of function as related to form among animals, and of some 
physiological bases of animal relationship. 

Lack of space makes it impossible to include all the material that some 
may desire. Certain topics have been selected as worthy of emphasis, 
and others treated lightly or omitted. The topics selected have been 
found, during the past ten years and more, to stimulate thought and inter- 
est and to arouse the scientific imagination. It especially does not seem 
practicable to include in this volume directions for laboratory studies. 
Such studies constitute the major portion of the course as it has been given 
by the author during the past years. If, at some later date, there shall 
seem to be a demand for laboratory material, it may be supplied. 

Failure to make due acknowledgment to any author or publisher is 
unintentional, but is explicable by the large number of works consulted. 
Recognition is due the many investigators whose work has been placed at 
the author’s disposal. Permission to use copyrighted material has been 
granted by Cambridge University Press; Henry Holt & Company; Long- 
mans, Green & Company; The Macmillan Company; G. P. Putnam’s 
Sons; W. B. Saunders Company; University of Chicago Press; and Yale 
University Press. To all of these the author expresses his sincere thanks. 
Acknowledgment of indebtedness to such publications as Winterstein’s 
"Handbuch der Vergleichenden Physiologic,” Von Fiirth’s “Ver- 
gleichende Chemische Physiologic der Mederen Tiere,” etc., is gladly 
made. Thanks are due to Prof. P. H. Mitchell, Prof. L. W. Sharp, and 
Dr. R. E. Snodgrass for permission to use published figures; to Prof. F. H. 
Pike and Prof. A. F. Shull for criticisms and suggestions; to Mrs. Helen 
Daniels Young for most of the pen and ink sketches from which the cuts 
were made; and to Mrs. Rose Humann Rogers for careful translations 
from foreign periodicals and for critical reading of the manuscript. 

The author will be glad to receive corrections and criticisms from those 
interested. 

C. G. R. 

Obbedin, Ohio 
December, 1926 . 
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TEXTBOOK OF 
OOMPAEATIVE PHYSIOLOGY 

OHAPTBK I 
INTRODUCTION 

In beginning the study of any new subject it is usually desirable for 
the sake of economy of time to have some rather definite ideas as to the 
bounds and limits of the fields to be examined and also definitions of the 
terms involved. In such a book as this it is impossible to do more than 
gain a somewhat limited view of a small part of the ground that might 
be covered. In addition to the fact that the subject is naturally a very 
comprehensive one, there is the more important consideration that it is 
constantly growing. The amount of new knowledge which is every 
year being added to the store of information makes it almost impossible 
to keep pace with its natural growth. 

Physiological Point of View. — It is frequently diflScult for one who is 
just beginning the study of physiology to get what may be called the 
'physiological point of view. The reason is fairly evident, though not less 
to be deplored because easily recognized. Most of the biological courses 
given to undergraduates in our colleges stress the form and structure 
of animals rather than the functions. Zoology, in many a laboratory, 
has meant merely the study of the corpses of animals. In place of the 
living, dynamic forms, students have spent their laboratory hours in the 
consideration of embalmed specimens. This has gone on to such an 
extent that many a student has failed to realize that these lifeless forms 
were at one time living, acting, dynamic things. It is now necessary to 
think in terms of function — of the organism as doing something — ^and to 
think of form and structure only as contributing to an understanding of 
the function under consideration. The work which the organ does is 
more fundamental than the organ which does the work. There are 
many instances in the animal kingdom in which a common function is 
being performed in different types of animals by organs of very different 
structure, but these organs have gone through a long evolutionary devel- 
opment to bring them to their present degree of efiSiciency. 

The term physiology ^ derived from two Greek words and 

meaning nature and speech, respectivelyj is defined as ‘^the sum of knowl- 
edge concerning the functions of living things.” This definition involves 
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more than is frequently conceded even by those who are in a position to 
appreciate the breadth of the subject. This rapidly increasing sum of 
knowledge makes it necessary from time to time to revise many of the 
surmises concerning the nature of physiological processes. The added 
information and the rearrangement of information already at hand not 
only involve the study of living things themselves and a survey of the 
ways in which their different parts operate, but call for an understanding 
of physical and chemical laws, forces, and operations which only a few 
years ago were considered to have little or no bearing upon the subject 
—if they were even known at all. In fact, it is hardly too much to say 
that a complete understanding of the functions of a living organism would 
involve not only the content of physiology but a knowledge of the elements 
of physics and chemistry as well. 

Observational and Exact Sciences. — ^Every science, in the course of 
its growth, passes through certain states before it comes to be recognized 
as an exact science. In astronomy, physics, and chemistry there was 
at first simply the casual observation of the more apparent facts, followed 
by a growing appreciation of the truth that the facts observed formed 
parts of a perfectly ordered system of truth in accord with definite laws. 
Then came the more careful and accurate observations upon which state“ 
ments of the controlling laws could be formulated. Such statements 
required the most exacting examination and criticism — a work which, 


even in the sciences mentioned, is not yet complete. So in biology, and 
especially in physiology, there has been a somewhat delayed advance 
along similar lines. Biology has been spoken of as an observational 
science because most of the work done in it has been of the descriptive sort, 
but here, too, there has been growing recognition of the fact that living 
organisms, in their varied activities, are just as truly subject to laws as is 
matter in its nonliving forms. Physiologists are now engaged in the proc- 
ess of reducing, so far as possible, physiological processes to physical, 
chemical, and mathematical expressions. There seems no good reason 
to suppose that physiology may not take its place as an exact science, 
for the phenomena studied and the reactions carried on appear more 
delicately balanced and controlled than any phenomena yet studied. 
The most serious obstacles, to progress in physiology appear to be prej- 
udice and superstition. Wth these cast aside, great advances in our 
understanding of the nature and operations of the living substance should 
easily be madet . ^ ■' /:v: 'i-' 

, Physiology Classified»“T^The^BubJe,ct;,o| physiology itself may be sub- 
divided and clas^fied. References may be made to special physiology^ t.e., 
the functioning of some .particular organ or tissue; to general physiology, 
that branch of the subject which deals the fundamental operations 
of all types of living matter, in cqinmon; or to comparative physiology, 
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by which the comparative study of the functions of a variety of organisms 
is meant. It will be readily seen that the ground covered by the last two 
terms is very much the same. 

The Scope of Physiology. — It has been, and is still in many quarters, 
held that the study of physiology is and should be limited to the highest 
organisms— mammals, including man. This seems a questionable notion, 
and while at this place no attempt will be made to argue concerning the 
relative merits of the higher and the lower organisms as objects of physio- 
logical investigation, it wiU be held that the subject of this book has 
to do with the workings of the vital machine, whether it be simple or 
complex, Amoeba or man. The subject includes all those activities 
concerned with the maintenance of the protoplasmic structure, the taking 
in of food, the building up of protoplasm, the carr3ring on of a wide range 
of chemical reactions at low temperatures in the processes of metabolism, 
the energy transformations taking place within the organisms, the elimi- 
nation of wastes, and the segregation and separation of protoplasmic 
units capable of independent existence. It includes all the activities of 
the organism under definite or changing environmental conditions— its 
reactions to its environment. It includes also all the activities involved 
in the perpetuation and development of the race to which it belongs. 
The whole series of phenomena of heredity, variation, evolution, etc., 
which may be included under the term racial physiology, are physiological 
in nature and can never be solved until they are approached from this 
standpoint. 

Relations of Physiology to Other Biological Sciences. — Biology, the 
science of life and of living things, is for convenience frequently divided 
into botany and zoology, each dealing with a grand division of living 
things. Each of these, in turn, may be subdivided into a series of sciences, 
anatomy, histology, cytology, embryology, physiology, etc., dealing, 
respectively, with grosser structure, minuter structure, cell structure and 
phenomena, individual development, and function. 

It must be pointed out that physiology alone of the branches or sub- 
divisions of the subject is especially concerned with the activities and 
functions of the living organism. Biology has for the most part con- 
cerned itself with the form and structure of the dead organism and its 
tissues and has had until recently comparatively little to do with the 
deeper problems of life. The study of what the organism does and the 
way in which it accomplishes its task is reserved for the student of the liv- 
ing organism. To him biology becomes alive, directly in proportion as he 
applies his endeavors to making clear the various processes employed by 
the animal or plant in its daily life. ; 

The present-day student of phydology has come to realize that living 
matter is a substance subject to the same laws and forces as are aU other 
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parts of nature. Some of these processes of the animal or plant body are 
easily demonstrated to be chemical in nature. Others, upon closer study, 
are also found to be chemical. Still others are found to be purely physical 
processes, whereas still others, although subjected to much investigation, 
have not yet revealed their inner nature. Continued and careful study 
is constantly adding to the list of the phenomena of the living body which 
are definitely physical or chemical. The machine responsible for carrying 
on these reactions is made of material stuffs, aggregated, to be sure, in 
a complex and peculiar way, but so far as it is possible to see, subject to 
all the physical and chemical laws that hold in the case of other forms of 
matter. Up to the present time it has been impossible to identify or 
determine the existence of any force acting within the living organism 
which does not operate in accordance with physical and chemical laws. 
Consequently it may be said that the dynamic processes of the organism 
are, so far as can at present be determined, chemical and physical in char- 
acter and that the materials composing the machine are not essentially 
different from those which compose other known substances. 

The Relation of Physiology to the Physical Sciences.— Living matter 
is made up of molecules, molecules of atoms, and atoms of electrons. 
These ultimate units are the same, so far as is known, for all sorts of 
matter. In living matter these ultimate units are seen arranged into 
their most complex aggregates. These formulations are constantly 
being modified through additions, subtractions, and rearrangements. 
The materials involved are the materials of chemistry and physics. 
The forces employed or set free in all of these manifestations are the 
forces of chemistry and physics. The processes employed m effecting 
these changes in substance appear not to be different in kind from those 
of chemistry and physics. So it appears that the problems of physiology, 
dealing as they do with physical and chemical phenomena, must be 
attacked by the methods of the physicist and the chemist and solved 
and explained in terms understandable by them. Ultimate explana- 
tions in the realm of physiology will be difficult to obtain, simply because 
of the limitations of physics and chemistry. 

The Aims of Comparative Physiology. — ^The aims of comparative 
physiology are: 

1. To give an exact and adequate conception of the essential nature 
of the various processes of the organism. 

2. To make a comparison of these processes in different tjqies of 
animals to discover whether they really operate under the same funda- 
mental laws. 

3. To trace, if possible, the course of evolution of these processes from 
the more generalized to the more specialized and complex. 
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4. To gain some idea, from the similarity of method employed by 
different groups of animals^ of the possible relationships existing between 
.'them;' '■ 

5. To show the correlation and integration of the various parts and 
processes in the economy of the individual. 

Dr. Loeb has summed up the aim of physiology in these words: 
visualize all phenomena of life in terms of groupings and displacements 
of ultimate particles.’^ Verworn has stated the same idea in different 
words : To find out what the vital process is, to determine the exact 
cause of vital phenomena.’^ 

It will be evident that the clearest imderstanding of any vital process 
may be gained from the study of those forms in which it appears on the 
whole best developed and where it is least attended by coincident obscur- 
ing phenomena. The protozoa are, of course, the simplest animals so 
far as complexity of structure is concerned, but here each vital pi’ocess 
is accompanied and partially obscured by other vital phenomena, the 
single mass of protoplasm being engaged in doing a number of things at 
the same time. Such forms, therefore, instead of being most simple are 
from the physiological point of view most complex. For our chief studies 
therefore, forms must be chosen in which each individual process can be 
so clearly isolated as to give unconfused information as to what is really 
taking place. The forms in which the processes show themselves to the 
best advantage are, in general, those in which specialization has gone on 
to a considerable degree. When, from a study of these more specialized 
types, the laws and underljdng principles of the various physiological 
processes have been discovered, it is possible to test out the workings of 
these laws and principles in the less specialized types of structure. 

It may be argued that one is not in a position to understand the work- 
ings of the machine until he is familiar with all its parts and their relations 
to each other. The work of any highly complex machine is an enigma 
to the uninitiated. One may even make a careful study of the parts of 
the machine and their relations to each other without acquiring any 
adequate conception of the working of the machine. It is when the 
machine is in operation that one has the best opportunity to discover its 
real intent. It may not be possible to determine, while the machine is in 
operation, some of the minutiae as to the structure of its given parts, 
but it will be possible to get some idea of the work which the machine 
is doing and of the manner in which all parts of the machine contribute 
to the total result. Similarly, it is much easier for one to get a proper 
conception of the organism and of the work which it is doing from a study 
of that organism while it is doing its work than from a study of the minute 
details of structure which the organism presents. 
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Dr. Jordan, in this connection, concludes that comparative physiology 
can make its proper contribution as a pure science only if it considers all 
animals; otherwise it limits itself to a sum of special cases. He calls 
attention to the fact that investigations in resorption, phagocytosis, and 
enz3nne action among the lower animals have shown that it is impossible 
at the present time to compare animal membranes with true physico- 
chemical systems. Permeability involves, not only the thermodynamic 
forces of the reacting substances, but the active changes of the cytoplasm 
of the cells concerned. A too rapid application of physics to the explana- 
tion of such phenomena as nerve conduction, muscle tonus, and the like 
can be very misleading as to the simplicity of these activities in vertebrate 
physiology. 

The Structure of Matter. — ^For more than 2500 years men interested 
in metaphysics have speculated concerning the ultimate constitution of 
matter. Ancient Hindu and Greek philosophers held that the physical 
universe (or, as sometimes taught, the whole universe, both physical 
and mental) is composed of veiy small indivisible particles or atoms which 
are in constant motion. The first clear statements of this idea came in 
the writings of Leucippus and Democritus, who taught that all phenom- 
ena are to be explained by the incessant movements of atoms, which 
differ only in shape, order, and position. 

The beginnings of a scientific understanding of the structure of matter 
date back only to the work of Lomonossoff, a Eussian physical chemist 
(1743), and to that of John Dalton, an Englishman (1803-1807) who has 
given to us the basis of the modem atomic theory. The Russian work was 
to all practical purposes buried and unknown and was resurrected only 
in 1904. Dalton’s work has played a most important part in correlating 
and interpreting the known facts of chemistry. Dalton states that all 
material substances are composed of minute particles or atoms of a com- 
paratively small number of kinds. All the atoms of the same kind have 
the same size, weight, and other properties. 

The theory as at first stated has been developed, added to, and modified 
by the work of many investigators. During recent years there has been 
published a very great amount of scientific evidence of such a character 
as to establish beyond any reasonable doubt the facts of the atomic and 
molecular structure of matter. It is impossible here to trace the steps 
in the development of this bit of scientific trath; we can merely make a 
very simple and brief statement of the facts as they are known at the 
present time. 

The Electron and the Atom. — ^Probably the most important addition 
to our information as to the structure of matter is the idea that the atom 
is not a simple indivisible thing. It has been shown to be a very complex 
^stem, whose components, subatonos or electrons, are in very rapid orbital 
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motion. The electrons are of two kinds, positive and negative. These 
are alike in the strength of the electrical charge which they bear, but 
wholly different in mass. The negative electron is associated with a 
mass which is Jd ^345 that of the hydrogen, the lightest known, atom. 
The positive electron appears never to be associated with a mass less 
than that of the hydrogen atom. The diameters of some of these atoms 
have been calculated and found to be: for helium, 2 X 10""^ cm.; for the 
hydrogen atom, slightly less; and for oxygen and nitrogen atoms, slightly 
more. Sir Ernest Eutherford suggested the theory that the atom is 
constructed somewhat upon the plan of a solar system, having at its 
center a nucleus bearing positive electrical charges and negative electrons 
whirling in orbits about it. The rate of movement of these negative elec- 
trons appears to approach closely that of light. The electronic con- 
stituents are as small in comparison with the dimensions of the atomic 
systems as are the sun and planets in comparison with the dimensions of 
the solar system. Of course, in such a system the electronic or other 
particles can occupy but a very small portion of the space enclosed within 
the system. Practically all the space is empty. 

As concerns the structure of matter, physicists have experienced 
rapidly changing thought in recent years. They now claim the existence 
of four, at least, instead of two kinds of elementary particles. These are: 

1. Electrons , — Units of electricity negatively charged and considered 
to form the outer shelP^ of atoms or to revolve about atomic hearts or 
nuclei like satellites about a sun. These have many of the properties of 
light and partake of the nature of a wave motion. 

2. Protons , — Positive particles or corpuscles, the nuclei or hearts of 
hydrogen atoms. The mass of the proton is approximately 1850 times 
that of the electron. 

3. Neutrons , — Neutral particles of matter, consisting of a close com- 
bination of electron and proton, whose electrical charges neutralize each 
other. 

4. Positive Electrons, Positrons , — ^Positively charged particles or 
corpuscles or rays discovered in cosmic rays. They have the mass of 
electrons but the opposite electrical charge. 

To these four types of particles may be added the alpha particle which 
is the heart of the helium atom, with a mass of about four times that of the 
proton or heart of the hydrogen atom. This is considered to be the unit 
used in atom building. Professor G. Gamow, the Soviet authority on 
atomic structure, says that atomic nuclei are composed of neutrons and 
alpha particles with one proton in atomic hearts of odd atomic number. 

The photon also must have a place in any list of fundamental particles. 
It is the unit of light and of other electromagnetic radiations such as 
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The number of electrons entering into the structure of an atom is a 
matter of interest and seems to be the distinguishing character between 
atoms of different sorts. For example, the hydrogen atom appears to 
be like a sun with a single planet — a positive and a negative electron, the 
two being equal electrically but differing in inertia, the positive being 
the more massive, though the more concentrated, of the two. Helium 
appears to have in its nucleus four positive electrons (protons), two of 
which are in some way balanced by two electrons and two of which are 
unbalanced. About the nucleus circulate two negative electrons. The 
nuclei of other atoms are more complex, containing protons balanced by 
electrons, but with a regularly increasing number of unbalanced protons 
and of electrons whirling in orbits about the central nucleus. Models of 
atoms of the different elements, with nuclei containing from 2 (hydrogen) 
to 92 (uranium) unbalanced protons and an equal number of electrons, 
have been constructed. Such models appear to be confirmed by experi- 
ment, but not by mathematics. Nils Bohr, a Danish physicist, attempted 
to build models of atoms which should take into account another principle, 
that of Max Planck, who had concluded that heat radiated from a body 
was radiated not continuously but in little units which he called quanta. 
This differed from the former theory in that energy radiates from its 
source in the form of waves. The ideas of radiation as waves and as 
streams of bullets seem to be mutually irreconcilable — and yet there is 
evidence in favor of each. 

To these conceptions of the atom has now been added another theory 
in which the atom is described as a system of waves, each electron requir- 
ing a three-dimensional configuration space to itself: two electrons 
requiring a six-dimensional space; three, a nine-dimensional space, etc. 
These configuration spaces are not real space but mathematical devices 
used for purposes of description. 

Molecules. — ^The atoms have the power to unite with each other under 
certain conditions and to form larger bodies, called molecules. If the 
atoms entering into such a combination are all of the same sort, the 
product is a pure substance; if they are not all of the same kind, it is 
a mixture. 

In an elementary substance in which the atoms are all of the same kind, 
it is frequently found that the molecules are not all alike, being made up 
of one, two, three, four, or more atoms each, giving rise to what are known 
as dllotropic substances. Or it may be that, even if the substances are 
built up of molecules containing the same numbers of like atoms, they 
will appear to be different because the atoms are differently arranged in 
the molecule. Or it may even happen that more than one kind of atom 
may enter into the structuredf a oiolecule and still allow the display of 
nearly aU the chemical and physiohl properties characteristic of a given 
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substance. Such a condition would more naturaUy occur in the molecules 
of elements of high atomic weight, such as lead, or in the molecules of 
complex substances of organic origin. 

It appears true also that some of the substances which have been, in 
the past, thought of as elements are really mixtures of substances, very 
nearly but not entirely identical. Such substances, isotopes^ have been 
shown to exist. Table 1 indicates some of the isotopes known to chemists. 
This table does not pretend to be complete and is introduced simply 
to emphasize the fact that one need not be surprised to find at any point 
in the series of elements substances which are not exactly uniform in 
composition. If this is true among the substances which are thought of 
as elemental, how much more likely is it to be true of compounds, espe- 
cially of the more complex substances, which are called organic. 


Table 1. — Isotopes 


Element 

Number 

of 

isotopes 

Atomic 

weight 

Masses of isotopes 

Lithium 

2 

6.94 

7,6 ' : 

Boron 

2 

10.9 

11, 10 

Neon 

2 

20.2 

20, 22 

Magnesium 

3 

24.32 

24, 25, 26 

Silicon 

3 

28.1 

28, 29 (30) 

Chlorine 

2 

35.46 

35, 37 

Argon 

2 

39.9 

40,36 

Potassium 

2 

39.10 

39,41„. ■■■■: 

Calcium 


40.07 

40 (44) 

Nickel 


65.37 

64, 66, 68, 70 

Selenium ' 

6 

79.2 

80, 78, 76, 82, 77, 74 

Tin 

8 

118,7 

120, 118, 116, 124, 119, 117, 122 (121) 


Compound Substances. — ^As the name indicates, these are composed 
of atoms of different kinds entering into combination with each other. 
There is here the greatest possibility of combination between atoms of 
different sorts, and the fact that such combinations are formed is evidenced 
by the almost staggering number of compounds known. There is here 
also the possibility of the production of substances which appear different 
from each other even though they contain exactly the same atoms as are 
found in some other substance. The difference occurs in the manner in 
which the atoms are arranged in the molecule. Such substances, whose 
molecules are identical in composition but different in structure, are 
called isomers. 

It has been customary to divide chemical compounds into inorganic 
and organic, basing the division upon the distinction between those 
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compounds formed without the action of living cells and those formed 
by the action of living cells. This distinction has been replaced by one 
that separates those which are not compounds of carbon from those 
which are carbon compounds. The fact that many carbon compounds 
have been elaborated in the laboratory appears to make tenable no longer 
the elfl.im that carbon compounds are the products of living cells only. 

It appears very possible that, when all the facts upon which to base a 
conclusion are at hand, it will be found that there is no real distinction 
to be made between the organic and the inorganic— ^that there has been 
no discontinuity in the evolution of matter from the very simple to the 
very complex. Leibnitz stated many years ago the principle that there 
is no break in nature and that nothing passes from one state to another 
without passing through all the intermediate states. The combinations of 
electrons to form atoms, the combinations of atoms to form molecules 
of elementary and compound substances, and the various combinations 
of even complex molecules, all together probably form a continuous 
and harmonious evolutionary system. 

Conditions upon the earth are now, doubtless, vastly different from 
what they were when carbon compounds first appeared in abundance. 
Although the conditions which then existed, favoring the formation of 
such compounds, at first simple, then somewhat more complex, and then 
of continually increasing diversity, may not now exist, one must not state 
dogmatically that such compounds may not continue to be formed. It 
wiU, no doubt, be considered by many absurd to claim that the gap 
between the inorganic and the organic is to be bridged by natural proc- 
esses under present conditions. The recent work of Millikan, the full 
significance of which is not yet apparent, seems to indicate the possibility 
that free electrons in space about the earth may even now be uniting to 
form atoms. Likewise the work of Benjamin Moore indicates that it is 
still too soon to take the position that substances which have long been 
considered as of organic origin may not be produced out of inorganic 
materials in a state of nature as the result of the catalytic activity of sub- 
stances in the colloidal condition acting upon carbon dioxide and water 
in the presence of light. Creation thus comes to be a continuous process 
— even on the earth — ^and not an event which took place once and for all 
time at some particular remote period. 

Energy and Energetics.— The phases of reality with which the stu- 
dent of science has to deal are matter and energy. The term commonly 
used to distinguish force is energy, and by energy is meant the ability 
or the power to do work. It will be noted that the word energy involves 
the concept of motion, either existent or potential. Some of the earlier 
writers believed not only in the e^tence of forms of matter which had 
no common factor but in different manifestations of force, which were 
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aot and could not be related to each other. The necessary conciusion 
now is, not only that all matter is composed of the same sorts of ultimate 
units, but also, that all forms of energy have a common origin, the energy 
of the electron. That is, matter and energy are but different manifesta- 
tions of the same thing (electricity) . 

Energy is found to exist in two chief types: 

1. Kinetic energy, the energy of motion. * 

2. Potential energy, the energy of position. 

Energy of motion appears in a variety of forms, as electrical, magnetic, 
atomic, molecular, radiant, chemical, gravitational, mechanical, and 
thermal. It is possible that all these different manifestations may be 
explained upon the assumption of the energy of the electrons. It is 
certainly not difficult to transform one form of energy into another. 
Some authors would add to the list given hiotic energy ^ as a distinct form 
of energy found only in living matter. This, too, may be derived from 
the energy of the electrons which make up the living matter. At any 
rate, there is not at the present time sufficient reason for distinguishing 
this form of energy from the chemical energies of the substances which 
are to be found undergoing change in the living substance. 

Energy of position may be that of a weight in an elevated position, 
which may, if properly harnessed, accomplish work when allowed to 
move; or it may be that of electricity accumulated in a storage battery, 
or the energy of chemical substances which may be released in the forma- 
tion of some new chemical substances; or that of food substances which 
may be transformed, with the production of heat or light or electricity 
or the accomplishment of work; or that of storage substance in living 
cells, which, when drawn into the vortex of the metabolic activities of the 
cell, may furnish the energy for the performance of a great variety of 
cellular activities. 

Energy of one form may, under suitable conditions, be converted into 
energy of another form. Thus, kinetic energy of moving air or of falling 
water may be converted into electrical energy. By the use of the proper 
type of transformer the electrical energy may be converted into mechani- 
cal, or thermal, or radiant energy. The energy of the sunlight may, in a 
similar way, be converted into mechanical energy, or it may be stored 
up by the green plant and form a supply of chemical potential energy. 
The energy of chemical compounds, bound in the molecules through the 
attractions of the different atoms for each other, may be transformed into 
heat energy or mechanical energy. In all these transformations of 
energy there appears to be a tendency for energy to be degraded into 
heat. All forms of energy may ultimately appear as heat, but it does 
not seem possible at present to convert heat energy into all the other 
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Energy Transformers. — ^Any physical system through which energy is 
transformed from one sort to another may be spoken of as a transformer. 
Such transformers are of great variety — some very simple, and some very 
complex. Many machines have been constructed as the result of 
human ingenuity. These serve in a mechanical way as energy trans- 
formers. Many energy transformers are the result of long-continued 
evolutionary processes, dealing in particular with what is commonly 
known as living matter. It has been customary to think of living cells 
as the most wonderful of these energy transformers, and to attribute 
to them very special powers and properties because of the things they 
have been observed to do. Living cells are themselves highly complex 
colloidal systems. As such they exhibit properties which are common 
to other colloidal systems. Among these properties is the ability to 
sjmthesize more complex substances out of their less complex components. 
The more there is discovered concerning the nature of the living substance, 
the more likely it seems that the inorganic colloids are the substances 
that must be looked to for the first appearance of those remarkable 
energy transformations commonly attributed to living cells. The very 
intimate way in which the components of the colloidal systems are related 
to each other and the great expanse of internal surface exposed render 
the colloidal condition ideal for transformations of both material and 
energy. Certain it is that some of the inorganic colloids, such as ferric 
hydrate, have the power to synthesize carbon dioxide and water into 
more complex molecules. It has been shown that the synthetic power of 
the chloroplast of the green plant is due, not to the chlorophyll held in the 
chloroplast, but to an iron compound of a simpler sort. The earliest 
forms of matter which had the power to synthesize even very complex 
substances must have been very simple as compared with the simplest 
forms of living matter as known at the present time. The fact is also 
becoming apparent that in living cells chemical operations are initiated 
and controlled, not by the active protoplasm as a whole, but by certain 
special substances, produced by the activity of the protoplasm, termed 
enzymes. These are the energy transformers of living matter. 

Physical and Chemical Laws in Physiology. — ^The student of physi- 
ology must keep constantly in mind the fact that, not only do the same 
elemental substances enter into the composition of living matter as com- 
pose nonliving matter, but the materials of the living substance behave in 
accord with the same principles as are in force in the inorganic rea lm. 
Scientists have attempted to express these principles in the form of certain 
statements, called laws. Some of these laws are mentioned here : 

1. Cordinuity . — The piihciple, enunciated by Leibnitz, that there is 
no break in nature, and that nothing passes from one state to another 
without passing through aU the intermediate states. 
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2. Consewation of Energy. — ^The law that the total energy of any 
material system is a quantity which can be neither increased nor decreased 
by any action between the parts, though it may be transformed into 
any of the forms of energy/ 

3. Conservation of Matter .—Hhe principle that the total mass of any 
material system is neither increased nor diminished by any reaction 
between the parts. 

Definite Proportions. — ^The principle that every definite compound 
always contains the same elements in the same proportions by weight, 
and if two or more elements form more than one compound with each 
other the relative proportions of each are fixed. 

5. Multiple Proportions. — ^The law that when the same elements unite 
in more than one proportion, forming two or more different compounds, 
the higher proportions of the elements in the compounds are simple 
multiples of the lowest proportions, or the proportions are connected by 
some simple common factors. 

6. Mass Action. — The law, established by Guldberg and Waage, that 
the chemical action of a reacting substance is proportional at any moment 
to its active mass. The active mass is usually considered as measured by 
the molecular concentration, but sometimes, for dissolved substances, 
by the osmotic pressure. 

7. Thermodynamics. — First law: ^^In any thermodynamic change a 
definite amount of heat is expended or goes out of existence for every 
unit of mechanical work done, and vice versaf^ 

Second law : ^ It is impossible for a self-acting machine, working entirely 
independently of any external agency, to convey heat from one body to 
another at a higher temperature,^' The foregoing is the form in which 
the second law of thermod 3 mamics is usually stated. This law has been 
discussed and restated by Lewis and Randall as follows: “Every system 
which is left to itself will, on the average, change toward a condition of 
maximum probability. This law, which is true for average changes in 
any system, is also true for any changes in a system of many molecules." 

8. Gas Laws. — Statements of the gas laws will be found in the chapter 
on Respiration. 



CHAPTER II 
SOLUTIONS 


As is pointed out later, living matter is in the form of a solution. It is 
therefore subject to the conditions and laws which apply to solutions 
generally. It is desirable to consider briefly some of the forms and prop- 
erties of solutions in order to understand the activities and limitations 
of living matter. 

A solution may be defined as a homogeneous mixture of a gaseous, 
liquid, or solid substance, called a solute, with another substance called a 
solvent. In most solutions the solvent is a liquid, and the molecules of 
both solute and solvent have great freedom of movement. Many 
instances are known, however, in which the molecules of one solid are so 
evenly and intimately distributed among the molecules of another solid 
as to take on the general characters of a solution, even though the mole- 
cules have very little freedom of movement. Such mixtures are called 
solid solutions. It does not seem essential here to enter into any discus- 
sion as to the particular relations which may exist between the molecules 
of solvent and solute. 

Water the Principal Solvent. — ^In the solutions which will be dealt 
with here water is the principal solvent. It is the one universal solvent. 
It is not only the chief constituent of living organisms, but it is as well 
the solvent and carrier of the chief food and excretory products. In 
it, in the animal body, are dissolved gases; inorganic salts; a great variety 
of organic compounds, including carbohydrates and proteins; products 
of digestion, such as amino acids and simple sugars; and various metabolic 
wastes. Henderson well states: “Indeed, as clearer ideas of the physical- 
chemical organization of protoplasm have developed, it has become evi- 
dent that the organism itself is essentially an aqueous solution in which 
are spread out colloidal substances of vast complexity.” 

Water is not only a solvent, but it is itself an electroljjrte. A few of the 
H 2 O molecules dissociate into H+ and OH“ ions. The number of the 
molecules so dissociated is relatively very small and is measured by 
the concentration of H+ or of OH“ ions in the water. At temperatures 
of 22 or 23°C. this dissociation is sufficient to give 1 gram of weight of 
free H+ ions in 10,000,000 liters of water, i.e., a solution having a concen- 
tration of N/10, 000,000 Ht. Inasmuch as there is an equal concentration 
of OH~ ions in the solution, the liquid will be neutral in reaction. And 
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since there is this dissociation of molecules, water may be spoken of as an 
electrolyte. ■ 

Water seems also to aid in the dissociation of the molecules of many 
substances which may be dissolved in it. Such substances are spoken 
of as electrolytes because they will conduct an electric current. 

Other properties possessed by water which render it valuable as a 
component of living matter are its: 

High surface tension, exceeded only by that of mercury. 

Low internal friction, resulting in low viscosity. 

Great heat capacity. 

High heat conductivity. 

Latent heat. 

Greatest density at 4.0°C. 

Classification of Solutions. — Solutions vary considerably in their 
characters according to the state of the solute relative to that of the 
solvent. It is customary to classify solutions in two main categories, 
crystalloidal and colloidal. 

Grystalloidal solutions are solutions containing substances in the 
molecular state (or ionic). These are substances which diffuse readily 
through animal membranes, lower the freezing point of the solvent, and 
can generally be crystallized out of their aqueous solutions. Of these sub- 
stances there are two main groups: 

NonelectrolyteSy substances the molecules of which, dispersed through 
the solvent, do not ionize in solution, especially aqueous solution. They, 
therefore, do not conduct an electrical current. They are chiefly of 
organic origin. Sugars and starches are well-known examples. 

Electrolytes^ substances a portion of whose dispersed molecules sepa- 
rate into ions and which may consequently conduct an electrical current. 

Members of either the nonelectrolyte or the electrolyte group may 
combine with the molecules of water so as to form hydrates. 

Colloidal solutions are substances of a gelatinous nature, are permea- 
ble by crystalloidal solutions, diffuse not at all or only very slowly through 
animal or vegetable membranes, and only slightly affect by their presence 
the freezing point or vapor tension of their solutions; also they are any 
nongelatinous substances exhibiting the above properties. Colloidal 
solutions which are of special interest to the biologist are the following; 

Sols are two-phase systems in which multimolecular aggregates of 
solid substance, constituting a dispersed pfeasa, are distributed evenly 
through the solvent, commonly spoken of as the continuous phase. 

The suspension differs from the sol chiefly in the fact that the particles 
held in the liquid are of larger and even or measurable size. 

The emulsion is a colloidal suspension in which the minute particles 
of the dispersed phase are minute droplets of liquid which is immiscible 



16 


TEXTBOOK OF COMPARATIVE PHYSIOLOGY 


with the liquid of the continuous phase. These droplets may be of ultra- 
microscopic size, or they may be of considerable magnitude. 

In a gel there is a reduction of the amount of solvent relative to the 
amount of the solid substance, with the result that the substance becomes 
more viscous than -when in the sol condition. 

It should be kept in mind that the distinction between crystalloids 
and colloids is one of condition, not of kind. And, as will be seen pres- 
ently, the distinction between the crystalloidal condition and the col- 
loidal condition is one not always easy to make. 

Electroljrtic Solutions. — It has been found that acids, bases, and salts, 
when dissolved in water, have the power to conduct an electrical current, 
while certain other substances, e.g., sugar, fail to do so. It has also been 
found that the substances which conduct the electrical current when in 
solution exert, for the same molecular concentration, a higher osmotic 
pressure than substances which do not conduct the electric current. 

Dissociation. — It was suggested by Arrhenius that substances which 
conduct the electric current do so by virtue of the fact that in solution 
there is a splitting of their molecules into two or more portions, atoms, 
which, becoming associated with a number of molecules of water, are 
called ions. These then behave, so far as diluting the solvent is con- 
cerned, like molecules. These ions are of two sorts: those bearing 
positive charges, the cations, and those bearing negative charges, the 
anions. The names of the ions receive their respective prefixes from the 
fact that if electrodes are placed in a solution of an electrolyte and a 
current is passed through the circuit, it is found that the ions bearing the 
positive charges, such as H+, Na+, Ca++, etc., collect and even give up 
their charges at the cathode, and those bearing the negative charges, 
such as Cl“, SO4 , CO3 , etc., at the anode. From what has just been 
said, it will appear that in a solution of an electrolyte there are present 
three varieties of particles — ^positive ions, or cations; negative ions, or 
anions; and undissociated molecules. The degree to which the disso- 
ciation may take place is, of course, a variable, and depends upon a variety 
of factors, such as the nature of the substance and its concentration in 
the solution. 

Dr. Lewis Jones has given a very vivid picture of the processes which 
go on in an electrolytic solution when an electric current is passing. 
He likens the molecules in solution to dancing couples on the floor of a 
ballroom. Here and there couples are separated and the isolated indi- 
viduals are moving about by themselves. Suppose a mirror at one end of 
the room and a buffet at the other^ the ladies will gradually accumulate 
around the mirror and the gentlemen around the buffet. Moreover, 
the dancing couples will gradually be dissociated to follow this 
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While Dr. Jones’ example gives a good picture, it should not be taken 
too literally, for not all dissociations are of the same type. There may 
be salts behaving as does KGI, which dissociates in such a way that each 
ion bears a single charge : 

K+C1-±:;K+ + C1- 

Such a condition as takes place in the dissociation of MgS 04 , may be 
found, in which each ion bears two charges: 

Mg++SO — ±=; Mg++ + SO — 

The condition also occurs in which a molecule may dissociate into one 
ion bearing two charges and two ions each singly charged: 

Ca++Cl 2 — i::; Ca++ + 2C1- 

Similarly, a salt may dissociate so as to give one triply charged ion and 
three singly charged ions: 

K3+++PeCN6 3K+ + Fe(CN)8 — 

Also various combinations of doubly and triply charged ions occur. 

It is importance for the student of physiology to remember that; 

All acids give a free H+ ion. 

All bases give a free OH~ ion. 

All sodium salts give a free Na'’" ion. 

All potassium salts give a free K+ ion. 

All calcium salts give a free Ca++ ion. 

All ammonium salts give a free NHi'*' ion. 

AH nitrates give a free NOa" ion. 

All chlorides give a free Cl" ion. 

AH sulphates give a free SO4 — ion. 

Degree of Dissociation. — ^The degree to which any electrolyte disso- 
ciates in solution depends very largely upon the degree to which the solu- 
tion is diluted. For example, at infinite dilution such a salt as KCI would 
be completely dissociated so that there would be twice as many particles 
in solution as there were molecules originally introduced. The solutions 
which the physiologist uses, however, are not infinitely dilute — and do 
not contain completely dissociated salts. The dissolved salt molecules 
are, in general, dissociated to about 86 per cent. 

The ionic condition is of great importance in Hving matter because 
in the Hving substance so many different substances are brought into 
close relations. There is great opportunity for a vast number of new ionic 
combinations to be formed. The fprmatipn of these new combinations 
is a part of the normal metabolic activity of ; every Hving organism. 
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: : > 'CoUoMs.— For the sake. of clearness in the discussion, to follow, a few. 
of the more common terms of colloid chemistry should be mentioned. 
Colloid chemistry deals with a wide range of material things. When any 
portion of the physical universe, large or small, is set apart so that the 
actions and reactions which take place within it may be studied, it is 
spoken of as a system. Two main classes of systems are recognized: (1) 
homogeneous sy stems , those in which a given system is alike in all its parts; 
(2) heterogeneous systems, those which are composed of dissimilar parts. 
The systems that are of more particular concern here are of the latter 
type. They are frequently said to be composed of differing phases, f.c., 
portions which are mechanically separable. For example, consider a 
system of ice and water, the ice forming one phase and the water another, 
and each homogeneous in itself. Together they form a heterogeneous 
system. 

In many cases minute particles of one phase of the systems are 
scattered throughout the extent of another phase. Such systems are 
spoken of as dispersed systems. If the particles are solid structures of 
comparatively large size scattered through a mass of liquid, the system 
is spoken of as a suspension. If the particles are of very small, almost 
ultramicroscopic size, the system is referred to as a colloidal sol. 

It was pointed out by Thomas Graham (1861"-1S64) that there are 
many substances which must, because of their special characteristics, 
be distinguished from electrolytes and nonelectrolytes as these terms 
are ordinarily used. Among them are those substances now known 
as colloids. 

The distinction made between crystalloids, substances which crystal- 
lize out of aqueous solution, and colloids, substances which do not so 
crystallize, may again be briefly indicated as follows: 

Crystalloids Colloids 

Eeadily obtained in crystalline form from Composed of two phases, a continuous 
their aqueous solutions. and a dispersed, immiscible with each 

other. 

Are not readily crystallized, though some, 

^ ' as albumin and hemoglobin and the 

^ . alkaline salts of the fatty acids, may 

be obtained in beautiful crystalline 
form. 

Diffuse readily in solution. Do not diffuse readily in solution. 

Pass readily through membranes of both Do not readily pass through membranes 
plant and animal origin. of plant and animal origin. 

The distinction between these two great classes of conditions is in 
some cases somewhat arbitrary, as no sharp line of demarcation can be 
drawn between them, 
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The term colloid, as jSrst used by Graham, referred to a definite class 
of substances like glue and the gums; indeed, the name indicates the 
similarity found in the behavior of the glue-like substances and those 
included under the term colloid. More recently the term has taken on a 
broader significance and is used as referring to a condition of matter 
rather than to a class of substances. Many colloids appear in the form 
of solution. It should be kept in mind that a colloidal solution is not 
necessarily a solution of a colloid, but a solution that exhibits the prop- 
erties of gummy substances. The substance under consideration may 
lie entirely outside the class to which the term colloid was originally gi ven. 

Physical States of Matter and Their Combinations —It is recognized 
that matter exists in three states or conditions— solid, liquid, and gaseous 
—also that it is possible to disperse molecules or small particles of a sub- 
stance in any one of these three states throughout a mass of matter 
existing in either of the other states. When molecules of a solid, for 
example, are dispersed through a liquid the result is a solution. 

It often occurs that matter is less finely divided than into molecular 
form, and these minute particles of one or another state (referred to as 
the dispersed phase) become dispersed throughout the mass or matter of 
a substance immiscible with it (called the continuous phase). Table 2 
gives, in brief, a suggestion of the way in which the different phases may 
be combined and something of the nature of the resulting combination. 


Table 2. — Physical Combinations op Mattee 


Condition of dispersed phase 

Condition of con- 
tinuous phase 

Resulting condition 

Gas.,... 

Liquid 

Foam 

Gas. . ....... .v.> . . . . 

Solid 

Cheese 

Liquid . ... ......... 

Gas 

■Fog.; ;, ,■ 

Liquid 

Liquid 

1 Emulsion 

Liquid. 

Solid 

Jelly 

■Solid... 

Gas" 

1 Dust cloud 


Liquid 

Colloidal sol 

:SoMd.;. 

Solid 

! Such solids as mby 

.■■■ glass.; 


The combinations of phases which are of a special interest to the biolo- 
gist are emulsions, jellies, and also such arrangements as gases and solids 
in liquids. It is certain that studies upon colloids of the latter types can 
give much important information concerning the general properties of 
colloidal materials. 

Heterogeneous Systems. — ^All the systems included under the term 
colloid are heterogeneous in character^ ie., they are composed of unlike 
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portions, thrown into most intimate relations. It is to be expected that 
such systems as these, in which there are thrown together substances of 
unlike character and between which there is the possibility of physical 
or chemical reaction, will be mechanisms in which movements and rear- 
rangements of the constituent particles will be continually taking place. 
Such systems provide for constant change, and as they provide for 
instability (within limits), it is evident that they can provide for such 
displays of energy and material transformations as are seen to occur in 
matter which is commonly called living. 

Sols and Gels. — Colloids exist in two well-recognized conditions, the 
sol and the gel. These conditions differ from each other especially in the 
degree of freedom of movement which the colloidal particles exhibit with 
respect to each other. The sols are, in general, substances which have 
their sohd substance subdivided within a liquid into such relatively large 
particles that they are able to pass through animal or plant membranes 
only very slowly, if at all. The substances which form the dispersed 
phases of sols do not readily go into solution, and the sols formed are 
always very dilute, being rarely more than 1 per cent in strength. Sols 
frequently show a false fluorescence, and in many instances the colors 
exhibited by the sols have been held to be dependent upon the sizes of 
the particles present. This suggestion has recently been called in 
question. 

The gel condition is one in which there is an exaggerated resistance to 
the movements of the coUoidal particles with respect to each other. 
The internal resistance or friction of the system comes to be very high 
because of the greater or less degree in which there is a separation from 
the colloid of the more liquid phase or solvent in which it is dispersed. 
Many of the inorganic colloids separate from their solutions in an almost 
water-free condition; others, some inorganic and most organic colloids, 
retain a large quantity of water upon separation. As examples may be 
mentioned the gel of coUoidal silver, which contains very little water, and 
gelatin, which in the gel condition holds bound a large proportion of 
water. In general, the change from the sol to the gel condition among 
inorganic colloids is irreversible; among coUoids of organic substances the 
change from the sol to the gel condition may be repeatedly reversible. 

MiceUes. — It is customary to speak of the aggregates of molecules 
which form the particles of the dispersed phase of the coUoid as micelles. 
In many of the inorganic sols the miceUes have a crystaUine structure, 
and the suggestion has been naade that even in such extreme organic 
coUoidal conditions as the fibrin of blood each thread is composed of 
crystals. There is a great difference between the coUoidal particles 
of an inorganic sol and those of the organic: proteins, carbohydrates, 
etc. The removal of water from the inorganic coUoid leaves the dis- 


SOLUTIOm 


21 


persed material in the form of metallic plates or flakes which cannot 
be redispersed. In the case of the organic colloid, water not only serves 
as the continuous phase, but some of the water molecules become integral 
parts of the organic molecules. This water is held by the colloid with 
great tenacity. The state of the solution is determined by the baianee 
between gravity and the electrical charges of the suspended micelles, 
each of which, an aggregate of molecules, is Mnetically equal to one mole- 
cule. The stability of the solution depends upon a variety of factors 
among which are the partial free energy per molecule, the orientation of 
free groups at the surface, solvation, the existence of an electrical double 
layer, the existence of an electrical charge, the Donnan equilibrium, etc. 

Suspensions and Suspensoids— Suspensions and suspensoids consist 
of minute particles of some substance floating in a liquid. The small 
particles of a suspension may be dispersed throughout the liquid of the 
continuous phase, may separate from it through the action of gravity or 
by centrifugal force, and may be redispersed again and again. When 
allowed to stand, the suspended particles gradually settle out and form 
a layer at the bottom. The time required for the separation of the 
particles depends upon their specific gravity, their size, and the viscosity 
of the liquid; large particles settle quite rapidly while very small ones, 
near the limits of microscopical visibility, settle very slowly. For 
example, quartz particles that have a diameter of 0.5 m or less do not form 
a sediment, while larger particles may either spontaneously settle out or 
may be filtered out. 

The suspensoid differs from the suspension in the size of the particles 
and in the fact that the particles of the suspensoid remain in suspension 
in the liquid by virtue of the electrical charges which they bear. All 
the particles of a given suspensoid bear electrical charges of the same sign, 
and so tend to repel each other in aU directions as they move about in 
the liquid. By these repulsions they maintain their dispersion through- 
out the liquid. The removal of the electrical charges from the particles 
(through the passage of an electrical current, the addition of ions bearing 
opposite charges, or the addition of colloids bearing charges of the opposite 
sign) results in either the sedimentation of the particles of the colloidal 
or the formation of a jelly-like mass. 

All suspensions and suspensoids show low viscosity, about that of 
water, and the temperature coefficient of the viscosity of such liquids is 
about the same as the temperature coefficient of the viscosity of water. 
The particles of the suspensoid are in very active movement, the rate of 
motion being, in part at least, a function of the size of the particles. 

Brownian Movement, — ^As far back as 1827 Dr. Brown, a botanist, 
noted a movement of microscopical particles suspended in a liquid. This 
movement consists in an oscillating motion of the particles about a central 
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position, and an erratic translatory motion. The movement is hard to 
describe but can be seen well in a suspension of very fine particles, such 
as gamboge, carmine, or India ink in water, under the magnification of 
the ordinary high powers of the microscope. It is frequently possible to 
see such movements of particles in living cells. Observation has shown 
the larger particles in a suspension move slowly and through small arcs 
or not at all, while the smaller particles exhibit considerable migratory 
movements. The study of these movements received a great advance 
upon the invention of the ultramicroscope, when it was seen that the 
very m inute particles revealed by the use of this instrument showed 
movements of such rapidity and extent as to make observers wonder 
whether they were not different in kind as well as in degree from the 
Brownian movements which had been known previous to that time. The 
problem of the nature of the movements was attacked by new experimen- 
tal methods and by mathematical treatments, with the result that it 
now seems assured that the Brownian movements, so called, and the 
movements of the more minute particles of colloidal solutions are of one 
and the same kind and are governed by the same laws. The movements 
are unquestionably due to the impacts of molecules and ions upon the 
particles. The motion is conditioned by the temperature and viscosity 
of the liquid; it is inversely proportional to the size of the particles and 
independent of their electrical charge. Mass appears to have little or 
nothing to do with their activity. The movements of the particles can 
be treated as the movements of exceedingly large molecules with extremely 
great molecular weights — of the order of one billion in the case of the 
mastic particles investigated by Perrin. 

Physical Properties of Emulsions and Emulsoids. — Most emulsions 
and emulsoids are of organic origin. These differ from suspensoids in 
that both phases, the dispersed and the dispersing, are liquid (sometimes 
of quite high viscosity, like a jelly). Sols which resemble emulsions in 
showing markedly high viscosity are termed emulsoids. Usually the 
liquids comprising the two phases of the emulsion are immiscible in each 
other. Gelatin and water form such a system. 

Figures 1 and 2 show photographs of two very similar emulsions. 
Figure 1 shows the appearance of a small drop of cream when viewed 
under the microscope by means of a dark-field illumination. It will be 
noted that the small drops of butter fat adhere rather closely to each 
other, though they are surrounded by the continuous water phase of the 
emulsion. In Fig. 2 there is a similar representation of a thin filTn of 
butter. In this case, however, the minute droplets are water droplets and 
the continuous phase is the butter fat; In some instances there seem to 
be mixtures of the two substances in each phase, a concentrated dispersed 
phase and a more dilute continuous phase, as, for example, a dispersed 
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Fig. 2. — An emulsion of water in oil 
(butter) photographed by means of 
dark-field illumination. X 525. 


Fig. 1. — An emulsion of oil in water 
(cream) photographed by means of dark- 
field illumination. X 525. 


phase consisting of a small amount of water held in a relatiyely large 
amount of protein, and a continuous phase consisting of a small amount 
of protein in a relatively large amount of water. Among eniiilsions, both 
the sol and the gel conditions are found. 

Emulsoids differ from suspensoids in the ease with which they dissolve, 
going into solution without the employment of any of the special methods 
which have been found necessary for the formation of the ordinary siis- 
pensoids. The emulsoid colloids show marked affinities for w-ater and 
enter easily into intimate relations with it. 


Among emulsoids there are colloids which exhibit three very different 
sorts of behavior: 

1. Some, as gelatin, form solutions above a certain temperature, 
below which point the sol forms a jelly. Such are readily and rapidly 
reversible. 

2. Some, as albumin, wffien heated form irreversible coagula, i.e., 
change to an irreversible gel condition. 

3. Some, as gums, starches, and casein, neither set to jellies on cooling 
nor coagulate on heating. 

Adsorption. — ^The fact that the material comprising the dispersed 
phase of a colloid is in an extremely finely divided condition makes inevi- 
table extensive surfaces at the boundaries between the dispersed and 
continuous phases. Any reactions or interactions of a physical or chemi- 
cal nature which might occur between the two components or phases of 
the system would naturally take place at these interfacial boundaries. 
So it might be expected that, among other phenomena, there w^ould be 
found the force of surface tension made evident in the behavior of the 
minute droplets or particles that constitute the dispersed phase. It 
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would be natural that chemical changes should take place at these 
planes of contact also. 

It has become a matter of common experience that some finely divided 
materials have the power to take out of solution certain dissolved sub- 
stances, such as gases or stains, and to hold them with great tenacity. 
It is this principle which is effective in the removal of odors from water or 
butter by means of charcoal. It was at first stated that the gas or stain 
was absorbed by the finely divided material, but it has become apparent 
that this is not a case of absorption in the true sense of the term, but a 
surface condensation of the gas or stain upon the surfaces of the minute 
particles. In absorption there is an actual infiltration of the absorbed 
substance throughout the mass of the absorbing substance, so that it 
might almost be said that the solute is dissolved in the substance of the 
absorbing body. In adsorption the adsorbed material is simply condensed 
upon the surface of the adsorbing material. This statement does not 
indicate in any way whether the process is to be considered as a physical 
or as a chemical phenomenon. 

Mathews gives an illustration of adsorption which is of interest in 
making clear what is meant by the process. With his consent it is given 
■fiereiv' 

Whenever we put on clothing, we adsorb the clothes. We and our environ- 
ment are a part of a great system. Any change of the environment produces a 
change in us, and any change in us produces some change in our environment. 
In this way we and the environment make what is known as a system, which 
consists of two constituents or phases, one of these being ourselves. As it has 
two phases or physically distinct parts, the system is heterogeneous. Every 
morning when we dress, clothing which has been distributed through our envi- 
ronment — dispersed in the surrounding phase, in other words — concentrates at 
the surface of our bodies,* or, speaking technically, it concentrates at the inter- 
phase boundary of the system, so that the concentration of clothing at that 
boundary becomes greater than in the room about us. This is a process of posi- 
tive adsorption. And at night the process is reversed — ^the concentration of 
clothing in the room becoming greater than at the surface of the body — ^the cloth- 
ing passes out of the interphase, and we have then a case of negative adsorption. 
And we might go on, if we wished, with this treating of the wearing of clothes as 
a process of adsorption and express it in a curve or isotherm, showing how* the 
quantity adsorbed is a function of the amount in the room; how it proceeds 
usually to an equilibrium; how it is greater at low than at high temperatures; 
that it is reversible and not accompanied by any chemical change in the clothes; 
that it is specific in that certain kinds of clothes are adsorbed with greater avidity 
than others; that certain adsorbents .(people) adsorb better than others; and 
finally we could pi'ove that the clothing moved into the surface film in virtue of 
the second law of thermodynamics, and because of the thermodynamic potential 
in consonance with the principle of Willard Gibbs. In other words, dressing 
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is in every respect a typical ease of adsorption, and if we wished to go farther we S 

could actually prove, at least as well and to Just the same degree as similar things | 

are proved for the protozoa and other living things so minute that we cannot [ 

easily see just what is happening, that the wearing of clothes is a surface-tension 
phenomenon, and has a purely mechanical explanation. Human behavior, in 
the wearing of clothes, would thus be explained to the satisfaction of the mech- 
anistic philosopher, and in the same way as the wearing of mineral clothing, I 

called shells, by protozoa has been explained. (This explanation might not be ! 

equally satisf3dng to all students of biology, however.) [ 

The adsorption of one substance upon another is, so far as the physi- [ 

ologist is concerned, to be looked upon both as a result and as a means j 

to an end. It is the result of one or more of several forces. These may | 

be physical, including surface tension, electrical, magnetic, or gravita- i 

tional force, or molecular cohesion; or the force of chemical attraction. [ 

It is a means to an end, in that through the very close associations of 
molecules brought about it provides the conditions necessary for very 
significant chemical reactions. 

Mathews has pointed out that the chief force involved in adsorption 
is that force known as cohesion, that force by which the particles of a 
body are united through the mass, whether they be like or unlike. Two 
factors influence cohesion: first, gravitational mass; and, second, chemical 
affinity or chemical mass. Of these, Mathews considers the first the 
more important. The degree to which one substance may be adsorbed 
is correlated with the ease with which the substance is condensed, z.c., 
with the cohesive force which it exhibits. The real difference between 
solids, liquids, and gases is in the degree of cohesion existing between the 
molecules, and in the degree to which the molecules depart from the 
spherical form. This cohesion is greatest in the case of solids and least 
in gases. Solids whose molecules depart most widely from the spherical 
form have the greater cohesion — and also the higher melting points. 

It is this fact, that solids have high cohesion, which enables them to 
condense other substances upon their surfaces. 

Substances in the colloidal condition offer the greatest possibilities 
for adsorptions to occur, because of the remarkable development of 
the interfaces between the continuous and the discontinuous phases. 

Particles upon which adsorptions take place must be as large as that of 
the smallest colloidal particles, viz,, 1 X 10“^ cm. in diameter. In 
all living matter enormous surfaces bounding the different phases are 
developed. Separations or condensations of material may occur at 
the interfaces between the dispersed and continuous phases of protoplasm, 
and at the surfaces of oil drops, of carbohydrate or mineral deposits, of 
ali particles or granules, chromosomes, mitochondria, filaments, etc., 
and of all cells. If these condensations are colloidal in character, mem- 
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branes may be produced; if they are crystalloidal, they may take the form 
of de|)Oisits of salts, spicules, shells, bone, etc. 

Rehbinder has pointed out that the surface activity of a substance at a 
liquid interface increases with an increase of difference between the polar- 
ity of the liquids, which may be measured by the difference in solubility 
of the substance in the two liquids. As an example he cites adrenalin, 
the surface activity of which indicates the purity of the substance. 

Surface Tension. — Mathews has also pictured the conditions existing 
at the surface of a solid or liquid, as follows: 

The amount of cohesion in a molecule may be represented by a certain num- 
ber of lines of cohesional force radiating in all directions from the center. The 
molecule may be pictured as cubical. The same number of lines of force leave 


—Mathews^ figure of cubical molecules with four lines of cohesional force reaching 
outward from each face of the cube. For further description see the text. 


each face of the cube. These lines of force go only as far as the next layer of 
molecules. They must be neutralized or saturated there, just as the electrical 
lines of force are saturated by the surface upon which they abut. Each species 
of molecule has a definite power of neutralizing the cohesional lines of force, and 
it can neutralize Just as many lines as it sends out and no more. At the surface 
of a liquid or solid, the outwardly directed lines of force of the surface molecules 
have in a vacuum nothing nearby to saturate them, as there are no molecules 
lying close beyond them and they must abut on something. Consequently, 
they bend over and abut on the exterior surface of the molecules lying next to 
them in the surface, as shown in Fig. 3. These lines of cohesional force are 
assumed to repel each other and to contract just as those of electricity, to which 
they are indeed related, so that they tend to, shorten. The result of this is that 
the peripheral layers of molecules are attracted in the plane of the surface not 
only by the ordinary cohesion, but by the additional force of the cohesion which 
ordinarily is directed outward. This additional tension in the plane of the sur- 
face is what is known as surface fension. , It puts the surface of a solid under a 
strain, and in liquids will draw the liquid iiitb the form of a spherical drop if 
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the mass of the liquid is sufficiently small. Now let us suppose that a molecule 
of a gas approaches the surface of a solid thus constituted. The approaching 
gas molecule is also surrounded by its lines of cohesional force which tie it to 
the other gas molecules. The density of these lines of force is, of course, not 
great. But when the molecule is driven by its kinetic energy close to the solid 
surface it enters the field of force of these surface molecules, and they in turn 
enter its field of force. This field varies in intensity in various solids, as we shaE 
see in a moment, but in the case of carbon or charcoal it is very intense; unless 
the gas molecule is approaching with very great speed so that its elastic rebound 
will serve to carry it again out of the field, it will stick to the surface and 
be trapped there, Just as the weaker flies stick to fly paper. Each of these mole- 
cules so trapped saturates as large a number of the lines of force as it carries itself. 
The attraction between gas and solid is proportional to the product of the lines 
of force each carries. But a gas like hydrogen carries very few such lines. Its 
cohesion is ver}^ small. It can saturate only a few of the lines of the carbon and 
as a result a considerable quantity of molecules of hydrogen wiU be required to 
saturate the cohesion of the solid. This means that a great deal of hydrogen 
can be condensed. It is clear also that as the outward directed lines of force 
of the peripheral layer of molecules of the solid are gradually released from abut- 
ting on the neighboring molecules so that they abut on the overlying gas, the 
surface strain of the surface layer, in other words, its surface tension, will be 
reduced. So that what is called surface tension in a liquid or solid is reduced by 
the adhesion of molecules of the gas or vapor. It is for this reason that the 
principle of Gibbs can be so easily applied to this process. Actually, the sur- 
face tension of the solid is reduced by the condensation of the gas. This how- 
ever, it will be observed, is a result, not the cause, of the condensation. The 
molecules are held on the surface not because they reduce the surface tension, 
as is generally stated, but because they are attracted by their cohesional attrac- 
tions to the surface. They are held there by the force of cohesion, not by that 
of surface tension. The reduction of the surface tension is an incidental result 
of their cohering to the surface. 

Combinations betv^een Colloids and Other Substances. — ^Evidence 
for the formation of definite chemical compounds between colloids and 
other substances is beginning to accumulate. Emulsoids are systems 
which are peculiarly favorable for the display of chemical aflSnities. It is 
easily possible for various substances to enter into the emulsoid system 
and, upon entering into combination with one or the other component 
of the system, to upset the balance previously existing. So it is found 
that such emulsoids as gelatin, casein, etc. have the ability to enter into 
chemical combinations with various anions and cations, and that the 
formation of such compounds is conditioned by the hydrogen-ion con- 
centration of the system. It has been shown that gelatin, for example, 
exists in three states. On the acid side of the isoelectric point it is in the 
form of gelatin acid salts (chlorides, sulphates, etc.) ; on the alkaline 
side it is in the form of metal gelatmates (sodium gelatinate, calcium 
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gelatinate, etc.); at the isoelectric point it is in combination with neither 
ion. 

Sizes of Colloidal Particles.— There is probably no sharp line, as to 
the size, between particles of a suspension which may be separated out 
by gravity, centrifugal force, or filtering, and the particles of a suspensoid 



Fig. 4. — This diagram is an attempt to represent the relative size of different material 
particles. It is to be noted that, passing from left to right, each scale division has ten 
times the value of the one immediately preceding it. The circle having the diameter of 
0.1 jtt/i may represent the maximum size of particles held in crystalloidal solution. The 
circle having the diameter of 2.5 iiii represents the size of the hemoglobin molecule. The 
circle having the diameter of 4.86 mi represents the size of salt-free albumin particles. 
The circle with the diameter of 100 represents the upper limit for the size of particles 
of true hydrosols. The circle having the diameter of 200 /x/z represents the size of particles 
just at the border of microscopic visibility. The circle having the diameter of 500 ixfi repre- 
sents the upper limit in size of particles of quartz, held in suspension in water, which do not 
form a sediment. Particles having a larger diameter than this do sediment out. The 
real form of particles between 200 and 500 /t/t may be seen with the microscope. The circle 
having the diameter of 900 iiii represents the limit in the size of particles of oil emulsions 
in water in which separation of oil from water does not take place. Oil particles having a 
larger diameter than 900 juja will separate out from the water and form a separate layer. 
The circle having the diameter 2 /n represents the border between the size of particles 
which may be filtered out of a suspension and those which may not be separated from the 
suspension by filtering, 

which may not be so separated. As compared with the sizes of molecules 
of the common electrolytes the particles of a suspensoid are immensely 
large, whereas when studied under the highest powers of the microscope 
they either cannot be seen at all as separate particles or appear at just 
about the limit of nucrosebpical visibility. There is much evidence to 
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show that the partieles of an inorganic sol are* each coinposed of many 
molecules. For example^ it has been shown that the particles of gold in 
a colloidal sol have a diameter of about 1 /£, i.e,, 0.000001 of a millimeter. 
Such particles appear to have a molecular weight of 300^000. The 
molecular weight of gold is 197. The colloidal particles of gold are there- 
fore made up of hundreds or possibly even thousands of molecules. The 
particles of starch, albumin, etc. are presumably of corresponding size. 
The accompanying chart (Fig. 4) is an attempt to show in a graphic way 
the relative sizes of the particles of crystailoidal solutions, colloidal 
hydrosols, particles in suspension, oil droplets in fine emulsion, etc. 

Molecular Weights of Colloids. — ^The emulsion colloids of special 
interest to the physiologist have been shown to have very high molecular 
weights. The figures given indicate the hopelessness of obtaining solu- 
tions of the most important protoplasmic colloids having any consider- 
able concentration. All the solutions which are dealt with must be, 
from a molecular standpoint, very dilute, and so will show very little 
osmotic pressure. 


Table 3. — Molbcxjlab Weights op Colloids 
Substance Molecular Weight 


Lower achroodextrin . 
Commercial dextrin. . 

Congo red 

Erythrodextrin 

Acid dextrin 

Higher achroodextrin 
Amylodextrin 


905 

2,700- 6,200 
2,088 

3,000- 6,800 
4,000 

8,200-11,700 

20,500-22,200 


Osmotic Pressure of Colloids. — Some of the statements made by earlier 
writers as to the physical properties of colloids would lead to the belief 
that they do not exert osmotic pressure. This assumption was due to 
faulty methods of making determinations and to the fact that with 
substances of such high molecular weight it is impossible to work with 
solutions of very great molecular concentration. One difficulty in the 
way of proper determinations of osmotic pressure was the lack of suitable 
membranes. G. Malfitino was the first to point out the possibility of 
using collodion membranes for this purpose. Such membranes may 
be used for purifying colloidal solutions by dialysis, as they permit the 
free passage of electrolyte molecules and other crystailoidal substances 
but are not permeable for colloids. 

One of the reasons that measurements of osmotic pressure of colloids 
have been so unsatisfactory is that the solutions employed have been of 
relatively low molecular concentration, i.e., the diffusion pressure of the 
solvent in the solution differed but little from that in the pure solvent. 
A molecular solution of hemoglobin would contain, say 68,000 grams of 
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hemoglobin in a liter — a condition not easily realized. A 1 per cent solu- 
tion of hemoglobin would have relatively so few molecules as to make 
very little impression in modifying the diffusion pressure of water, 
amounting only to Msoo of 22.4 atmospheres, or 2.5 mm. pressure of 
mercury. Although rough measurements of the osmotic pressure of 
colloidal sols may be made in a variety of ways, as by the deternaination 
of diffusion constants, depression of the freezing point, elevation of the 
boiling point, etc., the results are much less accurate than those of direct 
determination made by the aid of suitable membranes. 

The earlier erroneous idea that colloidal solutions exert no -osmotic 
pressure was very likely due to the fact that the solutions measured were 
always very dilute, in many cases impure, and that the methods employed 
were not sufficiently refined. The collodion membranes employed by 
R. S. Lillie, J. Loeb, and others obviate the most serious difficulties. 
LUlie’s method consists in the formation of a collodion film on the inside 
of a test tube or flask and the utilization of this membrane. The mem- 
brane is formed by introducing into the tube or flask a concentrated 
solution of collodion, either filling the flask to the top and then empt3dng 
out the excess collodion or putting in a smaller amount of the collodion 
and then rotating the flask until its whole inner surface is coated. The 
excess is drained off. After drying for a few minutes in the air, the film 
can easily be separated from the wall of the flask. The collodion sac is 
now bound tightly to a rubber stopper through which passes a glass tube 
which may serve as a manometer. The collodion tube permits electro- 
lytes and other crystalloids to pass freely but is impermeable to colloidal 
substances. 

Colloids in Physiology. — ^The colloidal condition is a matter of 
extreme interest to the biologist, for all living substance contains matter in 
the colloidal condition. Indeed, it seenas impossible to conceive of living 
matter as existing in any other condition than one which provides for 
complexity and stability amidst constant change. 

In metallic hydrosols there exist two phases, the continuous and the 
dispersed. Each of these is simple and homogeneous in itself. Emulsions 
and emulsoids still involve, in many cases, two simple immiscible phases. 
Living matter is a colloid that is much more complex. It has its own 
continuous and dispersed phases, each of which may be a liquid. One 
is usually more liquid than the other. There is frequently found a 
change from the sol to the gel, involving a variation in the water content 
of the coUoid. Each of the phases of the colloid may be complex and 
heterogeneous in character. Undoubtedly, the colloids form the stable 
substrate of the living substance. Associated with the colloidal elements 
are certain crystalloidal substances which penetrate to all parts of the 
colloidal complex and which here and there become temporarily bound up 


rnmnom 


M: 


in tEe complex. They are then freed to become agam^ at some other 
point, a part of the living machine. Some of the phenomena which are 
called vital are beyond question the direct result of the shifting here and 
there of molecules of one sort or another in the colloidal complex. 

It is possible to classify colloids, in respect to their position in the 
organism, as follows: 

1. Endocellular colloids. 

2. Extracellular CGlloids. 

а. Interstitial. 

б. Circulating. 

Golloids of the first group appear in the living cells. Disturbance 
of the colloidal condition of these colloids, through the action of precipitat- 
ing agents, results in the serious injury or death of the cells. 

With the evolutionary increase in complexity of animal organization 
there is an associated complexity of colloidal arrangement. In addition 
to the colloidal complexes within the cells there appear extracellular 
colloidal substances. These form a part of the environment of the cells, 
and when seriously altered by the action of precipitating agents such as 
drugs, bacterial secretions, protein injections, etc., there results an 
alteration of the intracellular colloids also. The interstitial substances are 
those which, because of their position, form the immediate environment of 
tissue cells and are subject to slow changes. The circulating colloids are 
such as appear in the blood streams and are more readily subject to 
alterations. Hence they may lead the more readily to alterations in the 
character of the interstitial colloids. The flocculation of the interstitial 
colloids may lead to swelling, gangrene, etc. The flocculation of the 
circulating colloids may bring about many functional derangements, such 
as vasomotor disturbances, organic congestion, intraepithelial hemor- 
rhages and the like. 

The colloids which have a special interest for the physiologist may 
be grouped under three general heads: 

1. Carbohydrates. 

2. Lipoids and fats. 

3. Proteins. 

These classes of substances demand some consideration because they 
are the products of the activity of living cells and also because, as food 
for the living animal, they furnish the energy needed for protoplasmic 
activity and the materials for the replacement of worn-out protoplasm 
and for the construction of new living substance. 

1. Carbohydrates. — ^The members of this group of substances occur in 
both the crystalline and the colloidal condition. They consist of carbon, 
hydrogen, and oxygen in the proportions of G«(H20)n-i. The value pf 
n is rarely if ever less than 30 and may rise to 200 or more. According 
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to the amylom theory, the starch molecule is composed of five amyliii 
groups each having the formula (CioH2oOio)2o. Under the action of 
diastase one after the other of these groups is separated from the parent 
molecule and is then split into its simpler components. The last remain- 
ing group is known as stable dextrin. All these groups are subject to fur- 
ther splitting and give rise finally to maltose. Although the starches are 
the most commonly distributed organic substances found among plants, 
and therefore form a very large and important part of the food of animals, 
only one example of this group of substances, viz,^ glycogen, is found in 
animals. Starch occurs in the form of white granules of microscopic 
size, insoluble in water, but if heated the granules swell and form with the 
water an opalescent paste. 

Glycogen . — Glycogen is an animal starch found in all the growing 
cells of the animal body and is especially abundant in higher animals 
in the liver and muscles. It also occurs abundantly in the digestive 
glands of oysters. It is an amorphous compound, white in color, and is 
readily soluble in hot water. 

Dextrin . — ^The dextrins are really cleavage products of the starches, 
transition stages between the starches and the sugars, but still have mole- 
cules so large as to render their solutions colloidal in character. They 
are amorphous substances, readily soluble in water, in which they form 
thick, sticky solutions. The ordinary library paste forms a familiar 
example. Three forms of the dextrins are commonly recognized: 

Amylodextrin (soluble starch), readily soluble in hot water, slightly 
soluble in cold water, and giving a blue color when tested with iodine. 

Erythrodextrin, easily soluble in hot water, and giving a reddish color 
with iodine. 

Achroddextrin, easily soluble in hot water, with a sweetish taste, and 
giving no color with iodine. 

Cellulose . — ^This substance, although very abundant in plants, rarely 
occurs among animals. It is to be found, for example, in the tests of the 
tunicates. The substance has a negative importance to animals because 
of its general indigestibility. Many fornas of animals are entirely unable 
to digest it by means of their digestive enzymes, though their alimentary 
tracts may contain bacteria which can effect its decomposition into car- 
bon dioxide and marsh gas. 

Gwm and Pentosans . — ^The gums, of which gum arabic and gum 
tragacanth may be examples, are substances produced by plants; they 
are of a translucent, amorphous character. Some of them form clear 
solutions in water; others merely swell up into a glutinous mass. On 
account of the difficulty with which they may be hydrolyzed, they have 
but little food value. Most animals are unable to ffigest them. 
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2« Lipoids and Fats. — ^The fats are the glycerides, ie., glycerol esters 
of the organic acids. By some authors the term lipoid is used as a col- 
lective term including all fatty substances. The better usage, however, 
appears to be to use the term for substances of a fat-like nature which are 
found in small amounts in animals and plants which, when hydrolyzed, 
yield fatty acids or their derivatives and some other group. 

The fats are constructed upon the general formula 

JJ2C — O — C — B 



These substances are not soluble in water or in aqueous solutions but 
may be readily emulsified by shaking with alkalies or solutions of bile 
salts. 

The lipoids occur almost universally in plant and animal tissues, and 
occur especially in those parts in which vital activities are most empha- 
sized. Just what role these substances may play in life phenomena is 
not known. It has been thought that they may have some important 
function to perform in connection with the maintenance of a cell mem- 
brane suitable for absorption. In the molecule of lecithin, which may be 
taken as an example of the lipoids, one of the fatty acid radicals is 
replaced by a phosphoric acid-choline radical, thus: 


OH 


H2O-— -O— P — O choline 

1 4 

HC — -O — C — E, (unsaturated) 

i J- 

H2C — 0 — C-* — E (saturated) 

4 

This substance emulsifies spontaneously in water, then the particles swell 
and form a turbid colloidal solution. 

3. The Proteins.— These are the most important and most character- 
istic components of living matter. No Eving matter is known which 
does not contain them. They differ from the carbohydrates, fats, and 
lipoids in the facts that the molecules of most of them are much larger 
and more complex in their arrangement and that nitrogen forms a con- 
stituent part of the molecule. The average percentage composition of 
:|)rbteihS:% ® rlilpvf 
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.Carbon-'.... 
Hydrogen 
Mfcrogen. 
Oxygen. . . 
Sulphur. . 


Per Cent 
50-55 
6 . 5 - 7.3 
15 - 17.6 
19-24 

0 . 3 - 2.4 


Other eienientSj e.p., phosphorus, may be included in small amounts. 

The size of the protein molecule is always very large, since it is built 
up by the linkage of a number of relatively simple substances known as 
amino acids. Some twenty-two different amino acids are now known, 
and as these are combined in varying numbers, proportions, and relations 
to each other, it will be apparent that the possible number of combinations 
which may be formed is almost beyond calculation. The various amino 
acids are linked in the protein by the joining of the COOH group of 


one to an NH 2 group of another, with the elimination of water, thus 
CO[OH H]HN. Some COOH and NH 2 groups are left uncombined. 

Physical Properties of the Proteins. — ^The proteins as a group show 
the following physical properties; 

1. They have low power of diffusion and dialysis through animal and 
plant membranes. 

2. Most proteins which are in colloidal solution coagulate upon heat- 
ing. Proteins not in solution lose their power to swell and become 
denatured. The coagulation temperature of different proteins was for a 
long time held to be specific and diagnostic, but this idea has been shown 
to be unfounded. The coagulation temperature of a given protein 
may vary within wide limits, conditioned by the salt content of the solu- 
tion, or even more by the hydrogen-ion concentration of the solution. 
For example, a 1 per cent solution of crystallized egg albumin at pH 4.8 
precipitates (forms coagulum) at about 60°C., while at pH 4.39 the coagu- 
lation forms at about 80®C. At pH 4.25 or below, heat coagulation no 
longer occurs at 95^0, ^ the solution merely becoming opalescent. Coagu- 
lation due to heat and to the action of the salts of the heavy metals is 
irreversible. 

3. Proteins are insoluble in strong salt solutions. This condition is 
unlike the coagulation by heat, inasmuch as the dilution of the solution 
causes the protein to redissolve, whereas a protein coagulated by heat 
cannot be thus redissolved. This salting-out process, as it is termed, is 
frequently used in the separation of one protein from another. 

4. Some proteins, e,g,, egg albumen, horse albumin, hemoglobin, have 
been crystallized out of solutibn. The forms of the crystals are fairly 
characteristic for these substances but vary somewhat with the salt 
content of the fluid from which they are deposited. 

Molecular Weights of Certm, Proteins. — Cohn has measured the 
-.moleotilar^weights.of.sqine of 'the proteins, has taken the results of other 
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observers who made use of anal 3 rtical methods, osmotic-pressure methods, 
etc., and has given a statement of the probable molecular weights in 
figures which seem to harmonize the hitherto conflicting statements. 


Table 4. — Moleculae Weights op Peotbins 

Substance Probable Molecular Weight 

Egg albumen.. 33,800-35,000 

Bence-Jones protein. 49,000 

Edestin. ; '58,000. 


Serum albumin . . , ... . 

Hemoglobin. 

Pseudoglobuiin 

Serum globulin. ....... 

Phycocyanin 

Euglobulin 

Gelatin. 

Fibrin 

Casein 

Hemocyanin (limulus) 
Hemocyanin (Helix) . . 


68,000 

68, 100 ± 1,000 

81,000 
103,800 

105.000 

135.000 

123,600-164,800 

168.000 

192,000 

2 . 000 . 000 ± 5 per cent 

5.000. 000 ± 5 per cent 


The Svedberg and a number of associates have studied various pro- 
teins in respect to their molecular weights and the sizes of their molecules. 
It has been found that all the stable proteins so far examined may, so far 
as their molecular weights are concerned, be classed in two groups: (a) the 
hemocyanins with molecular weights of the order of millions, and mole- 
cules of large diameter (Helix hemocyanin, 12.1 X lO"*^ cm.); and (6) all 
others with molecular weights ranging from 35,000 to 210,000 and diam- 
eters from 2.1 X 10""^ cm. up. The proteins of these lower molecular 
weights may be classified into four subgroups: 

1. Molecules of the smaller molecular weights, spherical in form, and 
measuring 2.2 ju/i in diameter. Examples, ovalbumin, Bence-Jones 
protein. 

2. Nonspherical molecules of approximately twice the molecular 
weights of those of group 1. Examples, hemoglobin, serum albumin. 

3. Nonspherical molecules of approximately three times the molecular 
weights of those of group 1. Example, serum globulin. 

4. Spherical molecules of approximately six times the molecular 
weights of those of group 1 and with diameters of 4.0 juju. Examples, 
Rhodophyceae-phycocyanin, Cyanophyceae-phycocyanin, Rhodophy- 
ceae-phycoerythrin, edestin, excelsin, anoiandin, when in the neighborhood 
of their isoelectric points. 

Nature, in the production of organic substance within the living cell, seems 
to work only along a very limited number of main lines. The great variety 
appears in the specialization of details. Thus it would seem that the numerous 
proteins are ail built up according to one general plan which secures for them, only 
a very limited number of different molecular masses and sizes when present in 
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aqueous solution. By varying tlie constituents of the diifferent proteins (different 
percentage of different amino-acids, etc.) the chemical and electro-chemical 
properties may be varied sufficiently to enable the cells to make use of them for 
their different purposes. (The Svedberg.) 

Dimensions of Protein Molecules. — ^Through the study of the surface 
tensions of protein solutions, dimensions of the molecules of egg albumen 
and of some other molecularly dispersed colloids have been calculated. 
The egg albumen molecule is a prism 41.7A. long, with a square base 
30.8A. on a side. This gives a molecular volume of 39.60 X 10“^^ cc., a 
mass of 51.30 X g., and a molecular weight of 30,800, a figure which 
agrees closely with the molecular weight as determined by other workers 
using entirely different methods. 

The following figures relating to the size and weight of the molecule of 
myoprotein are given by L. Caro: 

Molecular weight — 32,000. 

Size~149 X 10~«; 118 X IQ-^; 233 X IQ-® cm. 

Volume — 4.09 X IQ-^® cc. 

Mass — 5.31 X 10'”^^g. 

Molecular volume , . • i o a 

N urn b^ ' C ~ volume of a single C atom = 28.8 cu. A. 

Chemical Properties of the Proteins. — Colloid chemists have until 
recently believed that the ultimate unit of the colloidal solution is not the 
ion or the molecule but an aggregate of molecules. It was considered 
unlikely that the commonly accepted views of chemists in regard to the 
mathematical expression of combinations between various substances 
could be valid with such substances as the proteins. It had been recog- 
nized that some form of union between proteins and other substances does 
take place, but it was thought to be of physical rather than of a chemical 
nature. Such combinations were thought to be adsorptions — ^merely 
surface phenomena. In fact, it was not for a long time recognized that 
even adsorptions might be chemical combinations rather than superficial 
condensations of one substance upon particles of another. More recent 
investigations show that protein solutions contain protein molecules and 
ions just as do other solutions and that these molecules and ions have 
powers of combination with other molecules and ions not at all unlike 
those of other substances whose behavior has been better understood. 

Proteins, because they contain both basic (NH 2 ) and acid (COOH) 
groups, are considered amphoteric electrolytes, capable of forming ionizable 
salts with acids as well as with alkalies, according to the hydrogen- 
ion concentration of the solution in which they are placed. They exists 
therefore, in three conditions: ; 
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1. They form salts with acids, as gelatin chloride* This occurs when 
the hydrogen-ion concentration exceeds a certain critical value, in this 
case' pH 4.7. 

2. They form salts with bases, as sodium gelatinate. This action 
takes place when the hydrogen-ion concentration is below the critical 
value. 

3. At the critical value of the hydrogen-ion concentration the protein 
is not able to combine with either an acid, a base, or a neutral salt. This 
critical hydrogen-ion concentration is called the isoeledric point -oi the 
protein. 

Among the chemical properties of the proteins of importance to the 
physiologist should be mentioned their general color reactions. These 
color reactions are due to a reaction between some one or more of the 
constituent groups of the complex protein molecule and the chemical 
reagent used in the particular test. Inasmuch as not all proteins contain 
all of the same groups, it is found that the tests vary in intensity of reac- 
tion. In case of any doubt it is always wise to submit the sample under 
examination to more than one of the recognized tests before making a 
decision as to the nature of the substance. 

Color Tests. — Some of the more common color tests are the following; 

1. The Biuret Reaction. — ^The addition of two to five drops of a dilute 
solution of copper sulphate to solutions of proteins made alkaline by the 
addition of strong sodium or potassium hydroxide results in a purplish 
violet or pinkish violet. The depth of the color is dependent upon the 
nature of the protein present. This reaction depends upon the presence 
of two or more CONH 2 groups, either joined directly or through a single 
atom of carbon or nitrogen. 

2. Xanthoproteic Reaction. — ^This is the reaction caused by nitric 
acid whenever it comes into contact with animal tissue. The yellow 
coloration is caused by the action of nitric acid upon the phenyl group. 
This group occurs in tyrosine, phenylalanine, and tryptophane. The 
color is intensified by heating and is changed to orange red by the addition 
of ammonia. 

3. Millon^s Reaction. — ^This reaction is especially valuable for testing 
solid substances for proteins, in which case the reagent is added directly 
to the solid substance and boiled. The protein gives a red color. In 
the case of solutions of proteins which are not precipitated a red color of 
the solution is indicative of the presence of protein. The reaction is 
due to the presence of tyrosine. 

Classification of the Proteins.— The classification of the proteins 
adopted by the American Physiological Society and the American Society 
of Biological Chemists is as follows: 
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L Simple, proteins. ' , , 

Alhnmins... , ■ ' ' 

Globnlins. 

■ Gluteins,^ 

. Prolamins. 

' ; Albiimenoids. 

■ „ Histones. 

Protamines. 

IL Conjugated proteins: 

Nucleoproteins. 

Glycoproteins. 

Phosphoproteins. 

Hemoglobins. 

Lecitboproteins. 

III. Derived proteins: 

1, Primary protein derivatives; 

Proteans. 

Meta proteins. 

Coagulated proteins. 

2. Secondary protein derivatives: 

Proteoses. 

Peptones. 

Peptides. 

The Colloidal Behavior of Proteins. — It has already been stated that 
proteins are complex substances which contain both COOH and NHa 
groups. Hence they are able to combine with either acids or alkalies, 
depending upon the hydrogen-ion concentration of the system, and thus 
to form either acid or basic salts. Loeb was able to show that there are 
definite stoichiometrical relations between the amounts of acid or base 
which combine with fixed amounts of protein. Experiments upon the 
power of gelatin to combine with silver nitrate at different pH values, 
ranging from M/8 to M/8192 HCl, showed that on the acid side of the 
isoelectric point the gelatin occurred in the form of gelatin nitrate, while 
on the alkaline side of the isoelectric point it was in the form of silver 
albuminate (Fig. 5), Similar results were obtained when the gelatin was 
allowed to react with nickelous chloride, cupric acetate, basic fuchsin, and 
neutral red; in each of these cases the cation was washed out of the gelatin 
at pH values less than 4.7, while they remained combined with the gelatin 
at pH values more than 4.7. It was found that the opposite was true 
with salts whose anions can be easily detected by simple color tests, such 
as potassium ferrocyanide, sodium thiocyanate, or acid fuchsin. In 
all of the experiments mentioned the gelatin failed to combine with 
either anion or cation at pH 4.7.. Similar experiments have been made 
upon other proteins, such as casein,, egg albumen, edestin, serum globu- 
lin, etc. In all cases the results were similar. It may, therefore, be 
considered proved that the proteins are amphoteric electrol 3 rtes. 
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■ The Doimaii Equilibritun. — Donnan has shown that when a niein- 
brane separates two solutions of electrolytes, one of which contains one 
ion which is not able to diffuse through the membrane, while the others 
can so diffuse, an unequal distribution of the different ions on the two 


Fia, 5 . — Proof that cations combine with proteins only on the alkaline side of the iso- 
electric point. Powdered gelatin brought to different pH was treated in a darkroom with 
M/64 AgNOs and then washed with cold water to remove the silver not in combination 
with gelatin. The gelatin was liquefied, brought to a 1 per cent solution, and the pH 
was determined. The solutions were then poured into test tubes and exposed to light. In 
about yi hour the gelatin of pH > 4.7 was dark while the gelatin of pH 4.7 or less remained 
permanently clear though exposed to light for over a year. The pH of each gelatin solution 
is marked at the head of each test tube. {From /. Loehy ^'Proteins and the Theory of €oU 
loidal Behavior f*) 


sides of the membrane results. Dr. Hitchcock has made a very clear 
statement of this matter: 

For example, let GCi represent a soluble chloride ionizing to form and 
Cl“, and let the membrane be impermeable to the ion G+. Suppose also that 
HCl is present, and that the and Cl“ ions are freely diffusible through the 
membrane. The conditions at equilibrium may be represented as follows, the 
small letters indicating molar concentrations of the different ionic species: 

2G+ 

H+ X 
y + zCl- Cl- X 


Donnan showed that the relation between the concentrations of the ions must 
be such that = y(y + z). This means that the product of the concentrations 
on one side of the membrane of any two diffusible univalent ions is equal to the 
product of the concentrations of the same two ions on the other side of the mem- 
brane. From the equation it is evident that x and y must be unequal. This 
unequal distribution of diffusible ions at equilibrium, with the equality of prod- 
ucts expressed in the equation just given, constitutes the outstanding feature of 
the Donnan equilibrium. 
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Fig. 6, — Showing that the physical properties of gelatin are a minimum at the isoelectric 
point. (From J. Loeh, '^Proteiiu md the Theory of Colloidal Behavior.'') 
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If instead of GCl and HCl the deetrolytes had been GjSOi and H 2 SO 4 , the 
conditions at equilibrium would be as follows: 

2G+ ■ 

yK* H+a: 

I + 1 so,- I BO.- 1 

I. II. 

Then the relation becomes — y\y + z). This shows that a change in the 
valence of a diffusible ion changes the degree of the equation. If the non-diffusi- 
ble ion has a higher valence than 1, then the equation can be retained in the same 
form by letting z represent the equivalent instead of the molar concentration of 
the non-diffusible ion. 

Associated with the fact that the protein is uncombined with acid or alkali 
at the isoelectric point it has been shown by Loeb that the isoelectric point is 
also the point at which occurs the lowest membrane potential, the least swelling 
of the protein, the lowest viscosity, the lowest osmotic pressure, and the lowest 
conductivity. The accompanying chart (Kg. 6) illustrates Loeb's findings in 
regard to these facts. These results obtained from investigations upon gelatin 
have been found to apply also in the case of other proteins, and may very reason- 
ably be thought to be of quite general application and significance. 

There are also properties of the proteins in which their behavior is like that 
of the crystalloids. In their reactions with acids and bases and in their solubility 
relations the proteins behave like the amino acids, which are classed as crystal- 
loids. The slight influence of concentration and acidity on the viscosity of egg 
albumen solutions indicates that in this respect egg albumen behaves like an 
amino acid. Properties which depend on the forces of cohesion are also found 
in crystalloids. Such crystalloidal properties do not depend upon the Donnan 
equilibrium; it is possible that solubility and cohesion may be influenced by the 
chemical nature of added ions, and this may account in part for certain peculiar 
results on swelling in high concentration of salts. Such considerations have 
led Loeb to suggest that the distinction drawn by Graham between colloids and 
crystalloids or the colloidal and crystalloidal states of matter should be replaced 
by the distinction between colloidal and crystalloidal behavior, the former being 
evident only when the non-diffusibility of an ion through a membrane comes into 
play. 



CHAPTER III 
DIFFUSION AHD OSMOSIS 

The way in which food materials become available for use in the 
body and the way in which gaseous transfers are brought about depend 
upon certain purely physical processes which enter largely into these 
physiological activities. 

Diffusion— It is well known that a gas enclosed within the walls of a 
container tends to distribute itself equally throughout the container, 
the molecules of the gas striking away from each other on all sides. The 
force thus exerted by the molecules in beating away from each other, and 
finally resulting in the equal distribution of the molecules throughout the 
whole space occupied by the gas, is spoken of as diffusion pressure. It is 
recognized that the pressure of the gas against the sides of the container 
is proportional to the amount of gas contained and hence to the number 
of impacts of gas molecules per unit of surface against the sides of the 
container. 

Further, if two containers holding different gases be placed in com- 
munication, there will be a process of diffusion from the one container 
to the other in such a way that the two gases become equally distributed 
throughout the whole of the space. Each gas moves from its position 
of higher concentration, i.c., its greater number of molecules per unit 
volume, to a position of lower concentration, f.c., lesser number of mole- 
cules per unit volume, and the equilibrium is not reached till the partial 
pressure of each gas is the same throughout the whole space. 

The term diffusion applies not only to the molecules of a gas becoming 
equally distributed among the molecules of another gas, but also to the 
mutual distribution of the molecules of a gas and a liquid, of a liquid and 
another liquid, or of a liquid and a solid. 

In the study of physiology it is found that diffusions of gases, liquids, 
and solids through other liquids hold a very important place. With- 
out unnecessarily multiplying examples the case of the diffusion of sugar 
through a liquid may be mentioned. If a few crystals of sugar are placed 
at the bottom of a jar, covered with a layer of water, and allowed to stand 
undisturbed, after a little time the crystals of sugar have disappeared 
from the bottom of the jar and have gone into solution — ^have become 
diffused equally throughout the whole mass of the liquid. 

Mutual Iiiterdiffusiott.^The mutual character of diffusions such as 
have just been mentioned ha^ ten frequently overlooked. This is 
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especially likely to be true in considering two interdiffusing substances 
which are present in entirely disproportionate amounts. It is very 
easy to think and to speak of sugar dissolving or diffusing in water, but 
it is less customary to think of water molecules diffusing among sugar 
molecules when the amount of water present in the system, is much 
greater than that of the sugar. Both solvent and solute possess and 
exert diffusion pressure. 

Membranes. — It now becomes necessary to introduce a new- concept — 
that of a membrane. A membrane has been defined as any thin, soft, 
pliable sheet or layer of animal or vegetable tissue. As will be seen, such 
membranes are derived from colloidal structures and are the result of 
colloidal activity. It may be said that as the amount of water becomes 
reduced in a layer of colloidal material the diffusion of colloids into and 
through it becomes lessened in rate and finally stops. A further reduc- 
tion in the amount of water present in the colloidal layer results in 
retarded and lessened diffusion of crystalloid substances. If the reduc- 
tion in permeability be extended to the point where the solvent only 
(and not any dissolved substance) is able to pass through the membrane, 
the membrane may be said to be semipermeable. 

The definition given above is not sufficiently inclusive, for it does 
not take into account the possibility of the formation of membranes 
except by living cells. There are also membranes formed by the action 
of inorganic chemicals. Some of these have supplied our most valuable 
information with regard to osmosis and osmotic pressures. 

Osmosis. — If the space of a container is divided into two parts a 
and b by means of a parchment partition m and there is placed on one side 
of the partition a solution of sugar and on the other side of the partition 
distilled water, it will be found, after an interval of time, that there has 
been a diffusion of sugar through the membrane and that it has appeared 
in the liquid of the other chamber. In this case there has been a flow of 
sugar from its position of higher concentration through the membrane 
to a position of lower concentration, just as in the case of the gases which 
became thoroughly mixed. As with the gases, this flow will continue 
until there is an equal distribution of the sugar on the two sides of the 
membrane. There has also been a flow of water molecules through the 
membrane from the pure water into the solution, owing to the difference 
in the concentration of water molecules per unit volume. This experi- 
ment may be further modified by placing in chamber a on one side of 
the membrane a solution of salt and in chamber b on the other side 
of the membrane a solution of sugar. In this case the sugar will flow 
throughout the membrane from its position of higher concentration to a 
position of lower concentration until an equilibrium is reached. In 
similar manner there will be a flow of salt through the membrane from 
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its position of higher concentration to a position of lower concentration 
until salt equilibrium is established on the two sides of the membrane. 
It will be noted that these two diffusions are taking place in opposite 
directions through the same membrane at the same time. They do so 
without in the least interfering with each other. It may, however, be 
found that the diffusion of one substance takes place at a faster rate than 
that of the other. This may be due to the quality of the membrane 
employed or to a difference in diffusion tension or molecular speed. 
Membranes differ in their permeability to dissolved substances. So it 
may be found that a certain membrane will be very permeable to salt 
and more slowly permeable to sugar, or a membrane may be impermeable 
to both the salt and the sugar, while it is still readily permeable to water. 
A membrane of this sort would be termed semipermeahle. 

What Is Osmotic Pressure? — ^Among physicists and chemists there 
have been much disagreement and misunderstanding as to the nature 
of the force which causes water to pass through a membrane from pure 
solvent or from a less concentrated solution into one which is more con- 
centrated. The explanation of osmosis and of osmotic pressure given by 
VanT Hoff and Arrhenius, and refined by other investigators, has been 
accepted by so large a number of scientists as to give it almost the 
authority of a classic. A brief statement of this theory must suffice. In 
the seventh decade of the last century Pfeffer, a botanist, made direct 
measurements of osmotic pressure. These measurements comprised an 
important part of the data from which VanT Hoff made his great contri- 
bution: that the so-called gas laws apply also to substances in solution 
and that a nonelectrolytic substance in solution exerts the same osmotic 
pressure and otherwise behaves as it would if it were in the form of a 
gas, at the same temperature, and if it occupied the same volume as the 
solution. The gas laws mentioned are those of 

Boyle , — ^The volume occupied by a gas varies inversely as the pressure, 
provided the temperature is kept constant, and of 

Gay-Lussac . — ^The volume occupied by a given mass of gas increases 
as the temperature is raised, and the relative expansion is the same for 
all gases. 

Van^t Hoff was able to show that, within limits, the osmotic pressure 
of a dilute solution is proportional to the concentration of the solute and 
to the absolute temperature. He also applied Avagadro^s principle (that 
equal volumes of all gases at the same temperature and pressure contain 
the same number of molecules) to solutions and found that as a working 
hypothesis this assumption is in reasonable harmony with the facts. 
He thus has presented to us the statement that at a given temperature 
equal volumes of two solutions which have equal osmotic pressures have 
also equal numbers of molecute 
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. Those who have succeeded. Van^t Hoff are, by iio means agreed as, to 
the real .nature' of' osmo.tic 'pressure. ■ The view supported: b,y V .Hoff 
is that osmotic pressure is a real pressure due to the bombard:meiit of the 
walls of the container — or the surface film of the liquid— by the solute 
molecules. ' , ■ ■ ■ 

For the substance of the following statement in explanation of osmotic 
pressure the author is indebted to a scientific friend, W. V. Metcalf, who 
has kindly allowed free use of an unpublished manuscript. 

It will be recalled that in the discussion of Surface Tension reference 
was made to the cohesional lines of force existing in the surface layer of a 
liquid. These together may be called the 

1. External pressure (Pe) of the liquid, i.e., the pressure applied at the 
surface of the liquid which tends to decrease its volume. Below the 
surface layer there is found 

2. Cohesive pressure (Pc) (intrinsic pressure, internal pressure^ 
molecular pressure), the pressure due to the attraction of the molecules 
for each other — attractions which tend to draw the molecules nearer 
together and thus to decrease the volume of the liquid. At any point 
in the interior of a homogeneous liquid at rest these attractive forces 
are equal and opposed in all directions. They do not limit the free- 
dom of movement of molecules. At the free surface the molecules are 
attracted downward and have no corresponding upward attracting 
forces from above. The sum per unit area of these unbalanced attracting 
forces at the surface is equivalent to a pressure — the surface cohesive 
pressure, which tends to decrease the volume. In the liquid there is also 

3. Thermal pressure (Pt). This is due to the elasticity and heat 
motions of the molecules. These tend to drive the molecules apart and 
thus to increase the volume. Like cohesive pressure, it does not limit 
the freedom of motion of the molecules in the interior of the liquid. 
At the free surface, however, the molecules are repelled by those below 
them, with no corresponding repelling forces from above. The sum per 
unit area of these unbalanced repelling forces is equivalent to a pressure^ — 
the surface thermal pressure — ^which tends to increase the volume. 

At the surface Pe + Pc = PL The volume of the liquid can remain 
constant only when this equilibrium exists at the surface. There is 
also a 

4. Depth pressure (Pd) due to the weight of the liquid above it. 
For points below the surface the equation becomes Pe + Pc + Pd - PL 

Any increase of volume, i.c., an increase in the space occupied by a 
given number of molecules (= decrease in density), leads to a decrease 
in cohesive pressure Pc because it increases the average distance between 
the molecules and thus decreases their average attractions for each other. 
Also, this increase of volume leads to a decrease in thermal pressure Pt 
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becaiise it decreases the number of molecules per unit volume and thus 
the number of molecular impacts per second per unit area. No method 
has been found by which to measure the cohesive pressures (Pc) of com- 
mon liquids, but the pressures probably are of the order of some thou- 
sands of. atmospheres. 

If an osmometer tube provided with a semipermeable membrane m 
over its open end (Fig. 7) is filled with a pure liquid up to the level a 
and immersed up to the same level in the same 
liquid B in the container J., there will be an 
equilibrium, and the height of liquid in the stem of 
the osmometer tube wdll remain unchanged: As 
many molecules of the liquid will pass through the 
membrane in one direction as in the other in any 
unit of time. 

Now if some nonvolatile solute to which the 
membrane m is impermeable be dissolved in the 
pure liquid solvent, the osmometer tube be filled 
with this solution up to a, and the tube be 
immersed as before in the pure solvent JS up to a, 
it will be noted that, while at the start of the 
experiment there is an equilibrium at all points in 
Ay and in B taken separately, there is not an 
equilibrium betw^een the diffusion pressures of the 
solvent on the two sides of the membrane. In 
the process of making the solution, expansion w’'as 
caused by the introduction of the solute, leading 
to a decrease in the density of the solvent in the 
solution, at any depth d and therefore in its thermal 
and cohesive pressures. The diffusion pressure of 
the solvent from A through the membrane to 5 is 
less than from B into A. This difference in the 
A t?S^fiUed pressures of solution and pure solvent is 

with solution to level a. due to the pressure exerted by the solute mole- 
B, beaker filled with solution, less the excess of depth 

membrane. level to pressure on the solution Side of the membrane, 
which solution may rise, Solvent, therefore, diffuses through the mem- 
brane into the solution, increasing the volume of the solution, and 
the solution rises in the tube— and mil so continue to do until a certain 
height a' is reached, at which leyel an equilibrium is established through- 

The diffusion of the solvent through the membrane accomplishes two 

It decreases the solute pressure as the volume increases. 
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It increases" the depth pressure :at the membrane. 

,, Equilibrium may,, be established 'by an inflow of sol¥ent, from, pure 
solvent' into., solution until the excess' of depth pressure, at, the niembraney' 
, associated with the rise of the fluid column in the os,mom,eter, ,tubej, 
becomes equal and^opposite to the solute pressure^ the cause of the difler- 
ence in diffusion pressure. ' ' 

In this account, so far, it has appeared that the membrane is perme- 
able to, and saturated with, the solvent; therefore: 

The solvent has no bounding surface at the membrane and cannot 
exert any pressure on the membrane (other than friction). 

The membrane cannot hold in equilibrium any difference in solvent 
hydi'ostatic pressure on its two sides. 

The solute molecules, distributed homogeneously throughout the 
solution, have the same average kinetic energy as the solvent molecules, 
and they cannot escape from the solution because of the attraction 
between solute and solvent molecules. Because there is no bounding 
solvent surface at the membrane, the attraction between solute and 
solvent molecules does not tend to prevent solute molecules from passing 
through the membrane. The membrane, however, does prevent the 
solute molecules from passing. The solute, therefore, by molecular 
impact on the membrane which it cannot pass, must exert an outward 
pressure on the membrane; and the solute, by its diffusion pressure at the 
surface of the solution from which it cannot escape, must exert an out- 
ward pressure at this surface. The solute, reacting against the solid 
membrane and pushing upward on the surface of the solution, must, 
therefore, exert a pressure which tends to increase the volume of the 
solution and thus to decrease the density of the solvent in the solution. 
When equilibrium is established, experiment shows that an outward 
pressure, equal to the osmotic pressure, is exerted on the membrane. The 
only substances present which could bring about this pressure are the 
solvent and the solute. It has already been shown that the solvent 
cannot exert such a pressure; therefore the solute must exert it. 

The pressure which pushes the solution up in the tube and sustains 
the excess of hydrostatic pressure on the solution side of the membrane 
is the solute pressure, the diffusion pressure of the solute. The outward 
pressure on the membrane is this same solute pressure. The pressure 
which causes the solvent to pass through the membrane into the solution 
is the excess of solvent diffusion pressure on the solvent side of the mem- 
brane. This excess is caused by unbalanced solute pressure in the 
solution, which gives rise to a difference in the density of the solvent 
on the two sides of the membrane. . The inflow is caused by the action 
of the powerful thermal and cohesive pressures in restoring equilibrium, 
in accordance with the laws of density-pressure equilibrium in liquids. 
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It occurs only when there is. a difference in solvent density on . the two 
sides and only when there is an unbalanced solute pressure in the solution* 
the liquid in the osmometer be held at constant volume, by 
adding at the surface of the solution an external pressure which will 
prevent any rise of the solution in the osmometer tube when it is brought 
into contact with the pure solvent at the membrane, there is made pos- 
sible the most accurate direct measurement of osmotic pressure. After 
the solution and the solvent have been brought into contact at the mem- 
brane, but before any change has taken place, there is a density-pressure 
equilibrium throughout A and B — ^but there is an unbalanced diffusion 
pressure at the membrane m tending to cause passage of solvent through 
the membrane into the solution. This unbalanced diffusion pressure 
exists while the solution is standing at level a. It cannot, therefore, be 
neutralized by a pressure Pe which holds the level constant at a. Under 
these conditions, therefore, the solvent enters the solution through the 
membrane, loithout increasing the volume of the solution. As this goes on, 
the added external pressure Pe required to hold the volume of the solution 
constant gradually increases to a maximum at which equilibrium is 
restored. This process of entrance of the solvent without increase of 
volume increases the density of the solvent in the solution. This con- 
tinues until the density of the solvent has become the same on both sides 
of the membrane and equilibrium is restored. This added external 
pressure, which must be applied to the surface of the solution in order to 
prevent any increase in its volume when it is brought into contact with 
the pure solvent at the membrane, is osmotic pressure. Such pressures 
have been measured up to 273 atmospheres. This is equivalent to an 
hydrostatic pressure of a column of water over a mile and a half high. 

Determination of Osmotic Pressure. — ^The accurate determination of 
the value of the diffusion pressure exerted by any solvent, although 
theoretically simple, proves actually to be very difficult. The difficulty 
of preparing membranes which will hold back all of the molecules of 
the solute and at the same time remain unbroken by the tremendous 
pressures against them is almost beyond belief, and the difficulty of 
maintaining a constant concentration of solution within the chamber of an 
osmometer calls for most painstaking care and ingenuity. 

Fortunately, it is not necessary to depend alone upon direct measure- 
ments of osmotic or diffusion pressures in order to know their values. 
It has been pointed out that there exists a very definite relationship 
between the diffusion pressure of a solvent and the freezing point of that 
solvent. If the diffusion pressure of water, for example, is lowered by 
dilution with solute molecules, it also appears that the freezing point of 
the solvent is lowered, and the amount of the depression of the freezing 
point is proportional to the amount of dilution. 
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The pressure exerted by a gram molecule of a gas at 0® when com- 
pressed to the space of 1 1, is 22.4 atmospheres.. So also, when there 
is dissolved 1 gram molecule by weight of solute (of a noiielectrolyte) in 
1 1. of pure solvent, the osmotic pressure of the solution is 22.4 atmos- 
pheres at 0®C. (273° absolute), and the molecular depression of the 
freezing point of the solution is — 1.87°C. (The determinations made 
upon the freezing points of cane sugar and dextrose solutions indicate 
that the former, in solutions up to high concentrations and high tempera- 
tures, is present as a pentahydrate, and the latter as a dihydrate.) 

The osmotic pressure in atmospheres of a solution may, then, be 

calculated by the use of the formula X 22.4 = osmotic pressure in 


Table 5. — Osmotic Pressxtre ikt Atmospheres for Each Hunbeedth of a Degree 
Centigrade Depression of the Freezing Point, from 0 to --2.99°C. 
Hundredths of a degree centigrade 
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atmosplieres in which the symbol A refers to the depression of the freezing 
point of the solution in degrees centigrade, below that of distilled water, 



t I 1.87 is the depression of the freezing point of a 
molecular solution of a nonelectrolyte, and 22.4 
is the osmotic pressure in atmospheres of a molec- 
ular solution of a nonelectrolyte. There is given 
in Table 5 a calculation of the osmotic pressures 
in atmospheres of solutions showing depressions 
of the freezing points from 0 to -“2.99'^C. 

In comparing various solutions as to their 
osmotic properties and effects, it is customary 
to speak of solutions having the same osmotic 
pressures as being isotonic. If a solution has 
an osmotic pressure that is less than normal or 
less than that of a solution with which it is being 
compared, it is called hypotonic. If the osmotic 
pressure of a solution is greater than normal or 
is greater than that of a solution with which it 
is being compared, it is called hypertonic. 

Cryoscopy. — The usual method for determin- 
ing the osmotic pressure of a solution is by 
cryoscopy — the determination of its freezing 
point as compared with that of distilled water. 
For this purpose a very sensitive thermometer 
is used, the scale of which extends only over 
about 5"^ and is divided into hundredths of a 
degree. The first step consists in an adjustment 

of the mercury in the thermometer so that when 

thermometer bulb is immersed in freezing 
' distilled water the mercury will stand somewhere 

Fig. 8.— Apparatus for ^PP^i* limit of the 5^ scale. Then place 

determination of the freez- some distilled water in a test tube in which the 
bulb of the thermometer is inserted (Fig. 8). 
salt; i, test tube containing This test tube is supported in a second tube with 

te^rtestS^be'to^serTO Is a air Space between the two tubes on all sides, 
jacket; 0, opening for in- The larger tube is HOW suspended in the refriger- 
tffltedtX a.ting vessel, which may be cooled by means of 

T, delicate thermometer of ice or by the rapid evaporation of ether. The 

are^^not^ahTwm^^^From whose freezing point is being determined 

MitcheU, '^General Physi-^ is constantly agitated by some stirring device so 
^ as to, keiep the whole mass of the liquid at the 

same temperature.. The water as it cools will exhibit a temperature 
somewhat below the actual freezing point of the water, but as soon 
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as ice forms in the liquid the mercury will rise in the tube, at first 
rapidly, and then more slowly, until it reaches a maximum. This 
maximum point marks the true freezing point of the water. Later 
the mercury may fall again. Careful note must be made of the exact 
reading of the thermometer while the mercury stands at the maxi- 
mum point, for this indicates the true zero reading of the thermom- 
eter. The inner tube is now emptied of the distilled water, and 
a sample of the liquid to be tested is put into the tube, care 
being taken to leave in the tube a few small crystals of ice to serve as 
centers of congelation. The process of freezing the liquid is now 
repeated. The difference between the two freezing points is the required 
depression of the freezing point and is usually designated by A. This 
method is the one most used for determining the molecular concen- 
trations of organic liquids. It has some serious defects. It gives the 
values of the solutions examined at the freezing point and not at the tem- 
peratures at which body processes ordinarily take place. Organic liquids 
are easily altered and are exceedingly sensitive to minute differences of 
temperature. It is entirely possible that the information given by 
determination of the freezing point may sometimes be misleading on 
account of the abnormal condition involved in determining the physical 
constants of the solution. 

Osmotic Pressure of Tissue.— As will be noted in another place, 
physiologists have given a great deal of attention to the osmotic pressure 
of body fluids, such as blood, lymph, urine, etc. Until recently, however, 
there had been few attempts to make an estimate of the osmotic pressures 
of different body tissues. Dr. Collip has given the measurements of 
the depression of the freezing points of several tissues of the dog (and 
cat), and has pointed out the possible significance of the figures obtained. 
Table 6, taken from his work, indicates the nature of the results. 


Table 6. — Osmotic Press trEss op Tissues 
Degrees centigrade 


Tissues ' 

Experi- 
ment 1, 
dog 

A 

Experi- 
ment 2, 
dog 

Experi- 
ment 3, 
cat 

'"v '' a 

■■Experi-, 
ment 4, 
dog 

Whole blood 

0.61 

0.64 

0.63 


Lymph. 

0.63 




Heart 

0.77 

0.81 

0.86 



0.77 





0.77 

0.75 



::Liyet i < i 




0.91 

Muscle (thigh abductor) 


WmM 



0.94/:; 










! 
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It is to be noted that in each case the depression of the freezing point 
is greater for the tissue than for the blood or lymph. It is/ of course, 
true that it is the liquid of the cell which must be in equilibrium with 
the liquid outside the cell. Measurements of the electrical conductivity 
of the cells made along with the cryoscopic determinations indicate that 
the conductivity of the tissue extracts is lower than that of the blood. 
In other words, although the osmotic pressure of the tissue is higher than 
that of the blood, the amount of pressure is due to a greater concentration 
of nonelectrolytes in the cell than in the blood, and the concentration of 
electrolytes is greater in the blood than in the tissue. 

The same author has shown that there is not only a condition of 
osmotic equilibrium existing between the blood and the tissue fluids, 
between the tissue and the cytoplasm of the cells, but there is also 
an equilibrium between the cytoplasm and the nucleus in each nucleated 
cell. It must be understood that this statement does not of necessity 
imply that the osmotic pressure of the liquid on the two sides of the mem- 
brane shall be the same — simply that there is an equilibrium condition. 
Further amplification of this point will be found in a later place. 

Physiologists have met two serious difliculties in calculating the molec- 
ular concentrations of solutions to be used in experimental work as 
substitutes for body fluids. Such solutions should, of course, be isotonic 
with the body fluids so as to avoid the purely mechanical effects of the 
solutions upon the tissues examined. One of these difficulties arises from 
the fact that many substances, such as sugar, for example, appear upon 
going into solution in water to form hydrates. When cane sugar is 
dissolved in water, a combination between solute and solvent molecules 
is evidently effected, each molecule of sugar combining with five or six 
molecules of water. Such combinations undoubtedly take place in the 
aqueous solutions of very many substances and serve to modify to a 
greater or lesser degree the diffusion pressure of the solvent. The degree 
to which such hydrations occur at the temperatures at which normal 
physiological processes go on has not yet been determined. The second 
difficulty arises from the ionization of electrolytes in solution. The 
degree to which such ionization takes place in solutions, of the molecular 
concentrations and composition of normal body fluids, has not been 
thoroughly investigated. In general, it may be supposed that the ioniza- 
tion constant for the salts of the body fluids is about 1.85. 

Permeable and Semipermeable Membranes. — It will be recalled 
that a definition of % membrane has already been given, together with a 
suggestion as to some of the properties exhibited by membranes. There 
seem to be all possible gradations between membranes which will allow 
dissolved substances to pass freely through them and membranes of 
such a character as to hold back all dissolved substances and allow none 
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to pass. The question as to why a membrane may be permeable to one' 
substance and not to another' is of great importance in physiology.' It 
has a bearing, not only upon the purely physical matter of dialysis and 
of osmotic pressure, but upon the equilibrium which exists between 
animal cells and their surroundings and upon the matter of absorptions 
of food and the getting rid of wastes. 

Traiibe, the discoverer and student of various precipitation mem- 
branes, was of the opinion that the feature which enables a membrane 
to differentiate between one substance and another is the size of its 
intermolecular spaces. According to this suggestion, the membrane 
would then act in the capacity of a sieve and allow such substances to 
pass through as have molecules small enough to pass between the mole- 
cules of the substance composing the membrane. It is a fact that many 
of the substances held back by animal and plant membranes are such as 
are known to have large molecules. There seem to be cases, however, 
in which this theory does not give a satisfactory answer to the question 
why some dissolved substance does not pass through the membrane. 
In order to account for the facts observed, the suggestion has been offered 
that, for a substance to pass through a membrane, it must be soluble in 
the substance of the membrane. This immediately brings up the ques- 
tion as to the nature of solid solutions, concerning which very little is 
known. 

Factors Influencing Permeability. — Many experiments have been 
made and much speculation indulged in for the purpose of finding an 
explanation of the various phenomena associated with the transfer of 
dissolved substances from one side of the cell membrane to the other. 
Among the suggestions which appear to be worthy of serious considera- 
tion is that of Jacques Loeb, who held that in the diffusion of electrolytes 
into the egg of Fundulus, so as to bring about an effect upon the heart, 
two conditions must be met. First, there must be an osmotic effect, 
i.e,, there must be an adequate concentration of the electrolyte (in this 
case potassium chloride) so as to provide the opportunity for a flow of the 
substance from a higher concentration on the one side of the membrane 
to a lower concentration on the other. In addition to the osmotic factor, 
there is, second, a salt effect. By this Loeb meant that it is impossible 
for the potassium to diffuse through a membrane of the living fundulus 
egg which had been previously freed from its salts by washing in dis- 
tilled water for 24 hours, until the external surface of the membrane has 
again been supplied with salts, either by adding a second salt or by giving 
the dissolved potassium time to enter into combination with certain 
constituents of the membranes and thus supplying the general salt effect. 
The suggestion made is that the proteins of the membrane are dissociated 
by the salt (or acid), and it is through this ionization that diffusion 
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phenomena are able to take place. This salt effect has been shown to 
play a role in the diffusion of substances through the membrane in both 
directions. The minimal quantity of a salt required to bring about the 
salt effect is a function of both the anion and the cation. In the anion 
the quantity required diminishes according to Hardy’s valence rule, 
chloride: sulphate .'citrate = 1:4:16. In regard to the cation it was 
found that cesium and rubidium completely inhibit the diffusion of potas- 
sium chloride out of the eggs of fundulus in M/2 solution. The salts of 
strontium and barium have similar effects. The salts of sodium, lithium, 
magnesium, calcium, ammonium, and tetraethyl ammonium chloride 
favor diffusion. Since the salts of lithium, ammonium, and N(C2H5)4C1 
are extremely toxic for the embryo, the beneficial influence of these salts 
upon the recovery of the embryo from potassium poisoning must be 
ascribed to an action upon the membrane and not to an action upon the 
heart of an embryo. 

The existence of a general salt effect can be demonstrated also for 
the diffusion of acid through the membrane of the egg of fundulus. Very 
weak acid solutions can themselves supply the general salt effect, owing 
probably to the fact that acids form stable compounds with certain pro- 
teins of the membrane. 

Loeb has also called attention to the fact that, when eggs are immersed 
in solutions of bases not sufficiently concentrated to injure the embryos, 
the bases become injurious when neutral salts in low concentrations are 
added to the solutions. Also, when fundulus eggs are placed in acid 
solutions which kill the embryos in a short time the addition of a neutral 
salt has the effect of antagonizing the effect of the acid. The minimal 
quantity of a salt required for these salt effects diminishes with an increase 
in the valency of both anion and cation of the salt. It can be shown that 
the additive effect of salts to a base and the antagonizing effect of salt 
to acid are due in the case of eggs of fundulus to an influence upon the 
rate of diffusion of alkali and acid through the membrane of the egg; this 
influence is accelerating for the diffusion of alkali and retarding for the 
diffusion of acid. 

Direct Determination of Permeability. — ^There is not often an oppor- 
tunity to examine a cell of sufficient size so that it is possible to make a 
chemical analysis of the content of a single cell. So far as the writer is 
aware there is no single animal cell which lends itself to this sort of experi- 
ment. The cells of one of the algae, Valonia, are so large, however, that 
it is possible to get from a single cell from 1 to 5 cubic centimeters of cell 
sap. This makes it possible to compare the chemical nature of the sap 
with that of the surrounding medium. It has been found, for example, 
that the metallic ion magnesium, so abundant in the sea water, is prac- 
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tically wanting in the cell sap. ' Potassium is found' in the oeli sap. in 
much higher, concentration/than in the 'sea water. ' ^ Sodiiini and, Galciiim 
are equally, demonstrable in both sea 'water and cell .sap.' .With .regard, 
to : the anions it' may be said that chlorine' is found abundantly both, 
within and without the cell membrane. Sulphates, relatively abuiida.nt 
in the sea water, are practically absent from the cell sap. Nitrates also 
appear .in the sap more' than in the' sea water. .Thus, .while .nitrates and- 
potassium are stored within the cell at higher concentration than in the 
surrounding sea water, magnesium and sulphates are excluded. The 
membrane in this case is to be considered as an osmotic membrane, but 
has no selective properties so far as permeability is concerned. The pro- 
toplasm within the membrane may be selective in so far as choice of 
materials for the building up of new cell substance is concerned. 

Applications of Dialysis and Osmosis in Physiology. — When it is 
considered that all the cells in the body are covered by membranes which 
are more or less semipermeable, it is clearly evident that all of the proc- 
esses concerned in the nutrition of the body and in the getting rid of 
wastes are directly dependent upon the laws governing permeability and 
osmotic interchange. The food materials upon which every living animal 
is dependent have to pass through the membranes of the cells of the ali- 
mentary tract into a body liquid of one sort or another, through other 
membranes into the cells which they are destined to nourish, etc. This 
is true of all the proteins, carbohydrates, and fats, the oxygen which is 
taken into the cells, the carbon dioxide and the various nitrogenous 
compounds which are given off from the cells, as the results of metabolism, 
and the internal secretions carried by the blood stream to all parts of 
the body. It seems to be essential that the fluids of the body should, in 
general, maintain a very constant concentration of salts and other sub- 
stances which exert osmotic pressure, there being very little variation in 
this regard in any of the higher animals. 

The question may be raised whether the absorption by the intestinal 
epithelium of substances in solution in the intestine, and their transfer 
to blood or lymph, can be explained wholly as due to filtration, diff usion, 
dialysis, or osmosis. It can readily be understood how solutions of low 
concentration may pass through the intestinal walls in accordance with 
the laws of osmosis as they are ordinarily understood. When, however, 
the osmotic pressure of the solution equals or is greater than that of the 
solution into which it diffuses, there seems to be a contradiction. This 
apparent contradiction may, on the other hand, not prove to be a real 
one, for it has been shown that certain membranes exhibit a sort of one- 
sided permeability. This has sometimes been interpreted as permeability 
simply in one direction. Another suggestion appears to have in it more 
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of probability— that the membrane is of such a sort that an equilibrium 
exists only when the solution on one side has a higher molecular concen- 
tration than that on the other side. 

Similarly, the production of urine seems in many cases to contradict 
the most obvious physical chemical explanations. Lymph formation, 
too, seems to take place contrary to what have been believed to be the 
laws of osmosis and osmotic pressure. The difficulty here seems to the 
author simply another case of lack of knowledge of the ways in which cell 
membranes act. It has been assumed that they act just as some other 
membranes do. Cell membranes, however, unlike the membranes 
employed in many experiments upon osmosis, are colloidal in character. 
Not enough is yet known concerning the properties of colloids to predict 
just w’hat a colloidal membrane may do under the varied conditions found 
in the animal body. When more has been learned about the properties 
of such membranes, it may be found that all of these seemingly contra- 
dictory facts are readily explained. 


CHAPTER IV 


PROTOPLASM 

Every study of pliysiological processes, from wliatever point of view 
it may be made, leads of necessity to a consideration of protoplavsm, the 
morphological substrate of living matter. The term protoplasm as 
originally used by Purkinje (1840) referred to the formative material 
of young animal embryos. In 1846 von Mohl used the term in the sense 
of the substance which forms the cell body as opposed to that of the 
nucleus, or what is now called cytoplasm. Following the lead of Strass- 
burger (1882), biologists now consider protoplasm to be the essential 
substance of both nucleus and cell body of both animals and plants. 
It is now regarded as the only form of matter in which or by which the 
phenomena of life are manifested. 

Protoplasm exists in many modifications. Ordinarily it is a thick, 
viscous, semifluid, and almost jelly-like, colorless, translucent material 
containing a large percentage of water, and holding granules in suspension. 
Its specific gravity is somewhat above that of water. Determinations 
by Leontjew on amoebae gave an average specific gravity of 1.043. It 
coagulates when heated to about 60®C. and also under the influence of 
alcohol, strong acids, alkalies, and some salts. The chemical composition 
of the substance is not definitely known, but dead protoplasm has been 
shown to be composed largely of proteins. The living substance is 
probably very variable in its composition, and it is not likely that there 
is such a thing as a definite protoplasmic molecule, though the suggestion 
has more than once been made. 

A. STRUCTURE OF PROTOPLASM 

Investigators of the structure of living matter have formulated a 
variety of theories as to the architecture of the substance. It seems 
necessary to call attention to only two of these since ideas concerning the 
structure of protoplasm have been somewhat clarified through the investi- 
gations of the past few years. 

1. The Reticular Theory. — ^This theory supposes that the living sub- 
stance is made up of a more fluid portion which fills in the meshes of a 
network comprising a more solid portion. The evidence in support of 
this view has been derived chiefly from a study of protoplasm which has 
been acted upon by powerful fixing agtots. Such material, colored by 
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various staining agents, presents appearances which would seem to indi- 
cate the presence of a definite fibrous network. It must be recognized 
that such material is not in its natural condition and that it is certainly 
possible that the material treated in this way may present appearances 
entirely foreign to what exists in the same material while in its living 
condition. 

2. Alveolar Theory of Protoplasmic Structure. — Since 1878, when 
Btitschli first publicly expressed his conviction of the inadequacy of the 
reticular theory of protoplasmic structure to account for observed facts, 
many biological investigators have undertaken the examination of pro- 
toplasm with a hope of being able to demonstrate the truth or falsity of 
Bixtschli^s conception that protoplasm has an alveolar or honeycomb 
structure. Observations upon living, unstained protoplasm, upon chem- 
ically fixed, sectioned, and stained cells, under transmitted light and under 
dark-ground illumination, upon whole cells and cells subjected to micro- 
dissection have combined to give us an almost universally accepted 
alveolar theory for protoplasmic structure. It must now be conceded 
that the appearance of a fibrillar network in fixed protoplasm is in most 
cases, if notjn all, an optical illusion or a coagulation artifact. Many 
cells show an emulsion-like structure when examined with ordinarily 
high powers of the microscope. Some cells, particularly egg cells, exhibit 
a coarse emulsion-like structure, because of the crowding of the yolk 
drops, secretion granules, vacuoles, etc., of the dispersed phase in the 
clear, transparent, or translucent continuous liquid phase. In many 
cells this continuous phase is greatly reduced in amount. The bodies 
of the dispersed phase vary greatly in size, chemical and physical nature, 
arrangement, and function. In the egg of the sea urchin, for example, 
there have been described at least five types of dispersed particles. 

Frequently the outer portion of the cytoplasm of cells, the ectoplasm, 
shows a very finely granular appearance, or an opalescence due to the 
presence of very numerous particles of submicroscopic size. This ecto- 
plasm frequently forms a quite dense and stable gel, in which no move- 
ment of particles is visible. In the more coarsely granular endoplasm, 
movements of particles may readily be observed. 

Evidence from Microdissection . — Two American investigators have 
led in the attack upon the problem of the structure of protoplasm by 
means of a new method, that of microdissection. The method of study 
employed, that of the actual dissection of the protoplasm under the high- 
est powers of the microscope, was originated by Dr. Kite and has been 
modified and improved by. Dr. Chambers and others. Naturally, a 
considerable part of the earlier work of these investigators was given to 
an estimation of the possibilities and limitations of the method. There 
are many optical difficulties in the way of a clear understanding of the 


PM0T0PLA8M 


m 


structure :of . the Bubstance under investigation., owing to refieetiGiij. refraG" 
: tion, diffraGtion,,' absorption, dispersion interference, and the' scattering 
action of light. The optical image of the cell is a diffraction pattern, 
produced by the cell, and may be, under certain conditions, very different 
from the object itself. 

The dissections of the protoplasm are made in moist chambers, open 
at one side for the introduction of the dissecting needles employed in the 
operation. The cell to be studied is mounted in a small drop of liquid 
on the underside of the cover slip which covers the moist chamber. This 
permits the cells to carry on perfectly normal respiratory activities during 
the whole course of the study. 

As a result of the investigations of these men, it may now be said that 
living protoplasm has the nature of a hydrophylic emulsion colloid. Like 
other emulsions, it may vary within very wide limits as to its water con- 
tent. Like other emulsions, it sometimes appears in the more fluid sol 
condition and sometimes in the less fluid gel condition. Only as the 
nature of colloid substances and their behavior under definitely known 
and controlled (though possibly changing) physical and chemical condi- 
tions have become known has it been at all possible to explain in any 
satisfactory manner the varied appearances assumed by living matter. 

Chemically, protoplasm contains a variety of proteins, possibly other 
organic colloidal substances, and inorganic salts in solution in water. Or 
perhaps, it might be more nearly the truth to say that the emulsion which 
is called living matter consists, as do other emulsions, of two phases, the 
continuous phase and the dispersed phase. It has been customary to 
speak of emulsions of oil in water, in which the small particles of oil are 
dispersed throughout the extent of the continuous phase. It is also 
possible to make emulsions in which the phase relations between the oil 
and water are reversed, so that minute droplets of water are dispersed 
throughout the extent of the continuous phase of oil. In protoplasm it 
seems most likely that an emulsion is being dealt with in which the phase 
relations are still more complicated. Here it may be assumed that the 
continuous phase is a thin solution of proteins and inorganic salts in 
water. The particles of the dispersed phase may be assumed to be very 
thick, jelly-like solutions of water in proteins. It is probably true also 
that there is a constant shifting of the water balance in the protoplasm, so 
that there is a transfer of water from the continuous phase to the particles 
of the dispersed phase, and vice versa. 

The cytoplasm is filled with granules of at least two sizes and droplets 
of nonmiscible fluids. The granules appear to be of two sorts: (1) micro- 
somes, less than 1 /x in diameter, which constitute the most resistant parts 
of the cell. These particles are capable of maintaining themselves after 
complete disorganization of the ceil. (2) Macrosomes, 2 to 4 ju iu diam- 



60 


TEXTBOOK OF COMPARATIVE PHYSIOLOGY 


eter and very sensitive to injury. These larger granules often coalesce 
or are drawn out into threadlets which may be crooked or straight, curled 
or lumpy. Generally speaking, none of these structures is persistent; 
they disappear and reappear and can be interpreted as localized changes 
in the physical state of the colloids composing the protoplasm. Cham- 
bers studied numerous types of cells and found extreme variability in the 
consistency of the protoplasm, due, in part at least, to the variation of 
the water content of the cell protoplasm. 

The external surface layer of the cell is, in the case of many cells, a gel 
decidedly more rigid than the interior of the cells. This surface gel is 
very extensile and contractile and regenerates easily on injury. Sudden 
tears of the surface result in a pouring out of the internal protoplasm 
and dissolution. In some cases at least, the external gel grades off rather 
insensibly into the sol in the interior of the cell. 

The nucleus of the cell is a surprisingly more rigid gelatinous sub- 
stance than the c3rtoplasm in which it lies. Between the nucleus and the 
cytoplasm is a thin, structureless, nuclear membrane. Chambers was 
also able to see, in the germ cells of insects, nuclei which, when injured, 
show a gradually increasing condensation or separation of granules which 
collect from an extensive network throughout the nucleus. These 
granules arrange themselves into a constant number of filaments which 
shorten and go through all the changes in shape and form that have been 
described in the examination of the chromosomes of fixed material. 
These artificially induced chromosomes as well as the chromosomes of 
a normally dmding cell are a highly viscous and glutinous gel. 

Disorganization of the egg cells studied may take place as follows: 
The macrosomes swell and go into solution; the liquid hyaline cytoplasm 
may flow out and disappear in the surrounding water or it may set, 
forming a rigid coagulated mass. The coagulation structure gradually 
coarsens and produces a network or granular precipitate. Injury is 
accompanied by swelling and an apparent increase in the acid reaction 
of the part involved. Certain observations made by Chambers upon cells 
undergoing division are of interest. The interior cytoplasm of a marine 
egg is a fluid whose viscosity is high enough to prevent Brownian move- 
ment of the enclosed granules but low enough to allow their ready dis- 
location by means of the needle. The formation of the aster consists 
in the gelation of the hyaloplasm under the influence of the astral center. 
A hyaline liquid separates during gelation and flows in innumerable path- 
ways toward the center, where it accumulates to form the sphere. This 
centripetal flow arranges the gelling hyaloplasm containing the cell 
granules into radial strands. The strands merge peripherally into the 
surrounding liquid cytoplasm , or reach and anchor themselves in the 
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substance of the gelled superficial layer of the egg when the aster is fully 
■formed.:':" ■ 

During cell division a periodic reversal of the sol and gel states occurs 
in the following order: (1) the cytoplasm is a gel when the aster is fully 
formed; (2) it reverses to a sol as the radiations fade out and the sphere 
liquid collects at the two poles of the nucleus; (3) the appearance of the 
amphiaster heralds a return to the gel state; (4) at the equator of the cell 
the cytoplasm reverses to the sol stage as a constriction develops cutting 
the cell into two: 

Reversals of Phase.— The gel state in living protoplasm is not inert 
even to the eye. A reversal of the gel to the sol state is easily brought 
about by tearing. In discussing the structure of protoplasm from the 



Fig. 9. — Diagram of a colioidal emulsion illustrating the transformation of an emulsion 
of oil in water to an emulsion of water in oil. A, aqueous phase; B, oil or other nonaqueous 
phase; C, space film of soap or other dispersing agent. (After Clowes, 1916. From Sharp, 
Introduction to Cytology P) 

colloid standpoint it is necessary to call attention to an analogy in the 
cases of emulsion of oil and water. Usually, an emulsion of oil in water 
is referred to, but under certain conditions it is possible to maintain emul- 
sions of water in oil. For the present purpose, it does not seem neces- 
sary to present all of the facts of the case, interesting though they are. 
In protoplasm a substance is found, in the nature of an emulsion, which 
presents two phases, a more solid and a more liquid. The first of these 
phases appears to be a sol of water in protein and the second a sol of pro- 
tein in water. It is clear how the different appearances which Chambers 
has described may be explained. The more solid parts of the protoplasm 
maintain their integrity for a time and then gradually go through a 
change of phase, from that of water in protein to protein in water. The 
reversed process also takes place in other parts of the cell. 

These changes of phase are apparently entirely comparable to the 
changes of phase taking place in, emulsions of oil and water under certain 
conditions. Ordinarily, an emulsion of oil in water consists of very 
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minute droplets of oil dispersed through the water phase. By the addi- 
tion of some dispersing agent to the emulsion it is possible to invert the 
phase so that the emulsion will become Qne of water in oil. Figure 9 
is a diagram representing the transformation of an emulsion of oil in 
water to an emulsion of water in oil. It is entirely possible that the 
change of phase in case of proteins is not so simple as that which takes 
place in the oil-water emulsion. What the determining cause for these 
changes is has not yet been discovered with certainty. Evidently, the 
chemical processes (metabolic) taking place in the cell have something 
to do with these changes. The chemical constitution of the cell is con- 
stantly undergoing change, and as these changes take place there are cor- 
responding changes in the structural phases of the substance. 

For the purpose of emphasizing the importance of the alveolar theory 
of protoplasmic structure, attention is directed to the following brief 
statements which represent the ideas of three observers who have in 
recent years attacked the problem by quite different methods: 

S. 0, Mast, in discussing the structure of the protoplasm of amoeba, 
says that in one portion exists the plasma gel, a typical Btitschlian alveolar 
structure and in another the plasma sol, a typical emulsion — the one 
essentially solid, the other essentially liquid; but that this difference in 
structure cannot be very significant, for during locomotion the one 
changes continuously into the other, and vice versa. He further con- 
cludes that “water and proteins and oxygen and salts and all the other 
chemical compounds known to be associated with vital processes are 
quite as much alive as any other compounds, no matter how complex 
they may be”: that “the essence of being alive consists in organization 
rather than in specific substance”: and that “the essentials in the struc- 
ture of protoplasm consist neither of solidity nor fluidity nor elasticity, but 
of a subdivision into innumerable compartments, each partially chem- 
ically isolated from the others and from the surrounding medium, a 
subdivision which may obtain in an emulsion or in a suspension, as well 
as in an alveolar system, or a structure consisting of discrete interlaced 
fibers with a more fluid substance between them.” 

Heilbrunn on Protoplasmic Structure. — ^The following statement from 
a paper by Heilbrunn is significant of our present understanding of the 
structure of protoplasm: 

As a colloidal system, protoplasm is exceedingly complex . . , Chemically, 
protoplasm is known to consist of a variety of substances: proteins, fats and 
lipoids, carbohydrates, and inorganic salts. Cytologicai study has helped to 
locate these substances within the ceU. , It is generally admitted that protoplasm 
is a watery solution which contains, di^dlved in it salts, and perhaps carbohy- 
drates. The proteins are in a state of colloidal solution, but not completely 
so, for many of the granules found in protoplasm are doubtless protein and these 


PROTOPLASM 


63 


are in suspension. The fats and lipoids are usually emulsified and are scattered 
through the cell as tiny droplets which apparently constitute most of the mito- 
chondria. The protoplasm is at one and the same time a true solution, a colloidal 
solution, a suspension, and an emulsion. 

The small masses of protoplasm called cells behave in one respect as 
do other drops of liquid material. They cohere to form a system of 
drops which do not fuse with each other since they are separated from 
each other by thin films of material which is insoluble in either the sub- 
stance of the drops or of the surrounding fluid. A very interesting 
imitation of this is the emulsion structure formed when a few drops of a 
10 per cent solution of lecithin in chloroform are shaken together with a 
10 per cent solution of egg albumen in water in a test tube. When these 
substances have been shaken together so as to form an emulsion and 
some of it has been poured out upon a slide or a watch crystal and allowed 
to evaporate, it is found that the rather finely divided emulsion remains 
unchanged for some time. There has been formed between the chloro- 
form and albumen phases a wall which dissolves only with difficulty. 

As opposed to the idea that protoplasm exists as a colloidal solution 
of which water forms the continuous phase, Dr. Martin H. Fischer and 
Marian 0. Hooker, in their book ^fThe Lyophilic Colloids,^’ conclude: 

that neither living matter nor any fraction of it is to be thought of primarily 
as a dilute solution or as anything approximating such a system. It is, rather, a 
protein to which the salts have been bound chemically (fundamentally as a base- 
protein-acid compound) and m which water has then been ‘‘dissolved^' (or to 
which water has been bound as a hydrate). This four-part affair is to our minds 
the fundamental unit of the living mass. . . . 

If the conclusion is accepted that ail the water of the living mass is held in 
bound form it leads to an important corollary. The chemical reactions which 
occur in living matter must occur in a medium far different from ordinary water. 
Living matter is normally a practically anhydrous medium; the chemical reactions 
characteristic of the normal life of the cell occur in an anhydrom medium and their 
course and products must, in consequence, he entirely different from the course and 
products of these same reactions occurring in and familiar to us from study of the 
ordinary aqueous solution, (Italicized by the author.) 

Gelation. — It has long been recognized that heating protoplasm to a 
high temperature leads to its irreversible coagulation. For example, the 
protoplasms of fresh-water amoebae, subjected to an increase in tempera- 
ture, first show a decrease, then an increase in viscosity, which maintained 
at 40°C. results in coagulation. The contractile vacuole still functions 
at 46 to 48'^C. A temperature of 50°C. is not harmful if maintained for 
only 5 minutes. The nucleus of the more viscous variety of amoeba 
exhibits a clear, coarsely granular, structure which is unchanged by gela- 
tion at death. In the other amoebae such a structure first appears upon 
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gelation. This may be regarded as e\ddence that structure in the fixed 
nucleus, i.e., a coagulated nucleus, is not necessarily an artifact. 

The heat coagulation of the protoplasm of Paramecium is accelerated 
by the presence of neutral salts which penetrate rapidly into the cell 
interior and is retarded by such as penetrate only very slowly. There 
are four stages in the process of coagulation, of which the first two are 
reversible. Animals undergoing mitosis of conjugation are more resistant 
to salt coagulation than others. 

B, PHYSICAL PROPERTIES OF PROTOPLASM 

Among the purely physical properties of the living substance are 
viscosity, electrical conductivity, elasticity, contractility, gelation, 
changes in water content, position of isoelectric point, hydrogen-ion 
concentration. It has already been pointed out that reversals of phase 
from sol to gel and vice versa take place. Such changes of phase should 
be, but apparently have not always been, taken into account in every 
investigation of these physical properties. Otherwise, a very false 
impression of the actual situation may be obtained. 

Viscosity. — The interior protoplasm of the unfertilized egg of the sea 
urchin, Arbacia, is a suspension of visible granules, of such size as to 
make this a very favorable object for study. Heilbrunn has found that 
the viscosity of the suspension medium of these eggs, relative to water, is 
about 2, approximately the same figure as found for the protoplasm of 
amoebae, whereas that of the entire protoplasm of the cell is 4 to 6. 
These values are subject to modification by a variety of internal factors, 
such as the changes in the properties of the granules and of their surfaces 
and alterations in the suspension medium. Such changes are a part of 
the everyday metabolism of the cell and cannot yet be described with 
any accuracy. When the egg is fertilized, or when it is subject to mechan- 
ical injury, the protoplasm gels and so becomes almost immeasurably 
more viscous than when in the sol condition. This fact is readily demon- 
strated when one attempts to shift the position of the pigment granules 
in the fertilized egg by means of centrifuging. 

As a contrast to the condition existing in the sea urchin egg, may be 
mentioned the finding of Dorothy Fetter that the absolute viscosity of 
the protoplasm of Paramecium is 8000 to 8700 times that of water. It 
would seem that this determination must have been made upon proto- 
plasm definitely in the gel condition. 

External chemical conditions may modify the viscosity of the proto- 
plasm of amoeba. The changes in viscosity cause variations in the 
Brownian movements of minute particles in the protoplasm. It was 
found that M/4 NaOH, M/10 NaCl, and M/7.5 HCl produce liquefac- 
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tion; that M/20 MgCl 2 , M/36 HCl, and M/ll CaCls prodiiee soiidifica- 
■tion; ; M/300 ; H an.. increase in viscosity: .folIowe,d 'by 

liquefaction: GO 2 produces gelation of the ectoplasm and solution of the 
endoplasm; and 5 per cent alcohol, 4 per cent ether, and a saturated 
chloroform solution bring about a final solution of the protoplasm. When 
the amoebae are immersed in the solutions of ammonium salts, there is 
produced an increase in the viscosity of the protoplasm, followed by a 
slight swelling of the cell and the disintegration of the protoplasm. InjeC” 
tions of the salts, except the carbonates, produce a reversible increase in 
viscosity. The animals recover from dosages equal to one-fourth the 
volume of the cell. Injections of (NH 4 ) 2 C 03 result in the disintegration 
of the cell. In these cases the effects are due to their action upon the 
plasma membrane and not on the internal protoplasm. The salts used 
were the hydroxide, carbonate, chloride, phosphates, acetate, and citrate. 

Acids in isosmotic NaCl produce coagulation of the protoplasm of 
Arbacia eggs at pH 5,0. Acids dissolved in sea water, with CO 2 removed, 
vary in their ability to coagulate, the organic acids coagulating at a 
higher pH than the inorganic acids, NaOH when dissolved in sea water 
has no appreciable effect on viscosity up to pH 10.2. NaOH in NaGl 
produces a decrease in viscosity which is apparent at pH 9.6 and is pro« 
gressive up to the destruction of the cell. The difference in the action of 
NaOH and of acids in NaGI and sea water is attributed to an increase in 
permeability produced by NaGl. NH4OH in sea water produces a 
decrease in viscosity which reaches a minimum at pH 9,8. At high pH 
the viscosity increases and at pH 10 coagulation is complete. 

Electrical Conductivity of Protoplasm. — Samuel Gelfan has developed 
a technic by which it is possible to penetrate the cell membranes of living 
cells by nonpolarizable electrodes and thus to determine the electrical 
conductivity of the living protoplasm. He found that the protoplasm 
of such forms as the protozoans Paramecium, Oxytricha, Blepharisma, 
and Stentor, and the cell sap of the aquatic plant, Nitella, have electrical 
conductivities equivalent to solutions of KCl of Koo to %oo N. The 
interiors of these cells are not only good conductors, but they must con- 
tain a greater concentration of electrolytes than exists in their fresh-water 
medium. Since injury brings about an increase in permeability, the 
electrolytes, which are in greater concentration inside the cell, tend to 
diffuse out, thereby reducing the concentration in the protoplasm, and 
lowering the conductivity. The conductivity of the protoplasms of 
Amoeha proteuSj Euplotes, Spirostomum teres, Frontonia, and Nitella, 
measured with nonpolarizable electrodes, averages that of a N/20 KCl 
solution. The conductivity of the protoplasm of Pisaster eggs is that of a 
N/4 KCl solution. The conductivity appears not to be affected by 
viscosity, thus pointing to aii open micellar stmctiire for protoplasm. 
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Elasticity' and ContractiU of Protoplasm.— In view of the; great 
degree to which the properties of elasticity and contractility are developed 
in highly specialized muscle tissues, it becomes a matter of interest to 
note that these properties are inherent even in the simplest forms of 
protoplasm and that they may be due to special types of organization. 
The protoplasm of plant cells is always more or less elastic, even when 
it is streaming, and in the streaming only a part of its substance moves. 
In the nucleus of the cell is a gelatinous framework (in the resting stage) , a 
condition which sometimes grades into cases where there appears only a 
very flimsy structure permeating a liquid medium. 

Cytoplasmic and nuclear material may be stretched by means of 
needles to great lengths and yet return to nearly the original position 
when released. The protoplasmic processes formed by cells in tissue 
cultures exhibit, on contraction, marked tensile strength and elasticity. 
Such physical properties owe their existence to a definite type of struc- 
ture. The same type of structure which provides for elasticity and 
contractility will also provide for the properties of polarity and electrical 
conductance. A linear structural unit, capable of definite orientation, is 
best fitted to meet the requirements of the case. The structural unit of 
cellulose is a long chain (molecule) of glucose residues which are aggre- 
gated into bundles (micelles). Chitin, rubber, and silk possess a similar 
structure. There is good reason to believe that albumin, lignin, and 
reserve substances of a highly polymerized nature and, therefore, proto- 
plasm itseK have a similar structure. 

The most encouraging feature of the problem of the structure of living 
and of nonliving matter is that a general type of structure appears to 
distinguish all systems which have certain physical properties in common. 
High conductivity means parallel arrangement of linear particles, whether 
we have to do with copper or nerves. The contractile properties of such 
jellies as cellulose, rubber, gelatin, and protoplasm are attributed in each 
case to a long and tenuous structural unit. 

Hydrogen-ion Concentration of Protoplasm. — ^The determination of 
the hydrogen-ion concentration of living protoplasm calls for skilled 
technic and excellent judgment. There exists in the egg of Arbacia a 
pigment which in alcoholic extract or in mashed eggs presents such spec- 
tral variations as to render it useful as an indicator. The microspectra 
of the entire egg show that its pigment corresponds to a stage intermediate 
between pH 5.2 and 5.9. The protoplasm of amoebae has a pH of 7.6. 
The results of the microinjection of indicators into 3300 marine eggs, 
including 4 echinoderms, 1 tunicate, and 1 polychaete worm, show that 
the internal protoplasm has a pH of 6.6. There is no noticeable change 
of pH upon fertilization, nor is there any rhythmic change afterward, and 
the pH value remains constant through the 16-cell stage. Even under 
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asphyxia no change occurs until the condition has proceeded to the point 
of causing cytolysis. Cytolysis lowers the pH to 4.0 or 5.0. 

Rapkine and Wurmser have shown that the protoplasm of Spirogyra 
has a pH of about 6.0. They also found that the cytoplasm and nucleus 
have approximately the same pH (7.2) in the cells of the salivary glands 
of Chironomus and Calliphora and in the oocytes of 
and Asterias rubens. 

Chambers, and Chambers and Pollack have made many measure- 
ments of the intracellular pH of echinoderm eggs, epithelial and muscle 
cells, and of amoebae. Their results may be most briefly summarized in 
tabular form, as follows: 


Starfish eggs, unfertilized pH 6.7 ± 0.1 

Starfish eggs, fertilized. 6.7 ± 0.1 

Starfish eggs, cytoiized 5.5 ±0.1 

Starfish eggs, germinal vesicle 7.5 ± 0.1 


When starfish eggs are injured, there is an increase in acidity in the 
cytoplasm., which is quickly neutralized. The nucleus of these eggs, when 
injured, does not change its pH, A nuclear remnant persisting after 
injury gradually assumes the pH of its environment. Muscle fibers show 
no change in pH during activity, but the sarcoplasm surrounding the fiber 
becomes more acid. The living nucleus and cytoplasm tend to maintain 
constancy of pH while living, though contained granules and vacuoles 
may change. It has also been shown that in unfertilized eggs of the 
starfish and in fresh-water amoebae, the colorimetrically determined pH 
of the hyaline cytoplasm remains constant irrespective of changes in the 
environing medium, whether the changes are occasioned by HCl and 
NaOH or by CO 2 and NH 3 , This was also true for the nucleus of the 
immature starfish egg. On the other hand, the pH of intracellular 
granules and vacuoles, which stain readily with neutral red and methyl 
red, is readily shifted by the presence of CO 2 or of NH 3 in the environing 
medium. 

Most of the determinations of intracellular pH have been made by 
the use of chemical indicators. Bodine has been successful in measuring 
the internal pH values of single egg cells of Fundulus heteroditus by means 
of micro-hydrogen electrodes and potentiometer. The eggs show a 
mean average internal pH of 6.39, with considerable individual variations. 
These variations may be due to the variations in the ages of the eggs 
obtained from different females. Fertilized eggs show a mean average 
internal pH of 6.39 with extremely small variations between eggs obtained 
from different females, Bodine was not able to detect any marked varia- 
tions in the pH values for fertilized eggs of different ages. This work of 
Bodine^s may lead one very naturally to the query whether a definite pH 
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condition in the egg may not be one of the indications of the ripeness of 
the egg and, therefore, of its capacity for successful fertilization. 

Water Content of Protoplasm. — Chalkey studied changes in the water 
content of amoebae in relation to changes in its protoplasmic structure. 
The changes in the water content were ascertained: (1) by calculation 
from a series of outlines of specimens seen simultaneously from above and 
from the side; (2) by measurement of specimens drawn into a capillary of 
knowm diameter. In hypertonic solutions of glycerol and lactose, volume 
(water content) varied inversely with molecular concentration, and the 
plasma gel-plasma sol ratio remained practically constant. In h37per- 
tonic solutions of urea there occurs a gradual decrease in water content 
which terminates fatally. The plasma gel-plasma sol ratio decreases. 
In buffered Ringer^s solutions amoebae lose volume in all hydrogen-ion 
concentrations between pH 6.4 and 8.0 but most rapidly at 7.0. In all 
concentrations from pH 6.4 to 6.0 they increase in volume, the rate of 
inci’ease varying with acidity. The plasma gel-plasma sol ratio is great- 
est on the acid side, varying from 5.25 at pH 6.0 to 1.4 at pH 7.0 and 
8.0. There is probably a rise in more alkaline solutions. Mechanical 
stimulation resulted in decrease in volume and in the plasma gel-plasma 
sol ratio. Newly formed plasma gel is much less rigid than old. 

Chemical Composition of Living Matter. — As has already been inti- 
mated, the elementary substances entering into the composition of proto- 
plasm are the same elements which form a very large part of inorganic 
matter. All the substances entering into the composition of this living 
matter are those known to the inorganie chemist. Of the 92 elements, 35 
have been found to enter into living matter. Seventeen appear to be 
essential to life and not more than 4 constitute from 96 to 99 per cent 
of the living organism. These elements, which comprise the living 
substance, are sometimes referred to as bioelements. Table 7 gives the 
percentage composition of the living matter of a mammal (man), the 
percentage composition of a gymnosperm (pine), and the average per- 
centage composition of the three great classes of foodstuffs. A glance 
at Table 8, copied from Millikan^s- ^The Electron, will show that the 
most abundantly represented elements are those having the low'er atomic 
weights. The exact significance of this fact is a matter of speculation. 

Of aU the elements composing living matter, oxygen is the only one 
which enters in its elementary form. All the others are taken in and 
appear as compounds, usually in the case of animals, of very complex 
form. It is probably true that it is not correct to speak of protoplasm as 
a definite chemical substance in the same sense as the substances of inor- 
ganic chemistry are spoken of as definite substances. Protoplasm is 
rather a mixture, a sort of supercompound, of an indeterminate and 
variable composition. Among its chief components are the proteins, 
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compounds of carbon, oxygen, hydrogen, and nitrogen. They are invar- 
iably substances of high molecular -weight. The exact composition of 
the proteins is not known in any considerable number of cases. It is 
probable that the proteins as well as the combinations of proteins, salts, 
etc., forming protoplasm, are, while closely similar, specific for different 
species of animals. That is, the fundamental difference between one 


Table 7.- — Distribxjtion of the Bioelements 



Mammals 

Gymno- 

sperms 

1 

0 

62.43 

C 

53.96 

2 

C 

21.15 

0 

38.65 

3 

H 

9.86 

H 

7.13 

4 

N 

3.10 

A1 

0.065 

5 

Ca 

1.90 

Si 

0.057 

6 

P 

0.95 

S 

0.052 

7 

K 

0.23 

Fe 

0.030 

8 

S 

0.16 

N 

0.03 

9 

Cl 

0.08 

Ca 

0.007 

10 

Na 

0.08 

K 

0.006 

11 ■ ^ 

Mg 

0.027 

p 

0.005 

12 

I 

0.014 

Mg 

0.003 

13 

Fe 

0.009 

Cl 

0.002 

14 

Fe 

0.005 

Na 

0.001 

15 

Br 

0.002 

Fe 

0.001 

16 

A1 

0.001 

Mn 

0.001 

17 

Si 

0.001 



18 

Mn 

0.001 




100.000 

100.000 


Average composition of foods 


Carbo- 

hydrates 


Fats 


Proteins 


Fresh' 

water 


O 49.38 
O 44.44 
H 6.18 


C 

o 

H 

P 

N 

S 


69.05 

17.90 

10.00 

2.13 

0,61 

0.31 


C 

O 

N 

H 

S 

P 

Fe 


51.3 

22.4 
17.8 

6.9 

0.8 

0.7 

0.1 


0 

H 

S 

c 

Ca 

Mg 

N 

Fe 

P 

Na 

K 


88.80 X 
11.16 
0.018 
0.005 
0.004 
0.003 
0.002 
0.002 
0.001 
0.001 
0.001 
Eemainder 
0.003 


100.00 


100.00 


100.00 


100.00 


species of animal and another lies in the fact of slight though definite 
differences in the composition of the (protein) substances and the plan 
of architecture according to which these substances are arranged. 

The immensely complex character of the protein constituents of proto- 
plasm may be indicated by a single example. Professor Latham has 
shown the probable composition of albumin to be: 

C H N 0 S 

240 517 65 75 3 

Those interested may refer to his papers in voL 3 of the Biochemical 
Journal for evidence as to the primary substances involved in building 
up this great molecule. This molecule with a weight of 800 is small as 
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Table 8. — The Elements, Their Atomic N'xjmbees, Atomic Weights, and 
Chemical Positions {Millikan Modified). (By permission of the University 

of Chicago Press) 

X'H ■ ... 

L.'OOS'. . 


2 He 
3.99 

3Li 

6.94 

4 Be 
9.1 

5B 

11.0 

6C 

12.00 

7 N 
14.01 

8 0 
16.00 

9 F 

19.00 




10 Ne 
20.2 

11 Na 
23.00 

12 Mg 
24.32 

13 A1 
27.1 

14 Si 
28.3 

15 P 
31.04 

16 S 
32.06 

17 Cl 
35.46 




18 A 
39.88 

19 K 
39.10 

20 Ca 
40.07 

21 Sc 
44.1 

22 Ti 
48.1 

23 V 
51.0 

24 Cr 
52.0 

25 Mn 
54.93 

26 Fe 
55.84 

27 Co 
58.97 

28 Ni 
58.68 


29 Cu 
63.57 

30 Zu 
65.37 

31 Ga 
69.9 

32 Ge 
72.5 

33 As 
74.96 

34 Se 
79.2 

35 Br 
79.92 




36 Kr 
82.92 

37 Rb 
85.45 

38 Sr 
87,63 

39 Y 
88.7 

40 Zr 
90.6 

41 Nb 
93.5 

42 Mo 
96.0 

43- 

44 Ru 
101.7 

45 Rh 
102.9 

46 Pd 
106.7 


47 Ag 
107.88 

48 Cd 
112.40 

49 In 
114.8 

50 Sn 
118.7 

51 Sb 
120.2 

52 Te 
127.5 

53 J 

126.9 




54 X 
130.2 

55 Cs 
132.81 

56 Ba 
' 137.37 

57 La 
139.0 

58 Ce ; 
140.25 

59 Pr 
140.6 

60 Nd 
144.3 

61-62 Sm 
150.4 

! 63 Eu 
152.0 

64 Gd 
157.3 

65 Tb 
159.2 

67 Ho 
163,5 

68 

167,7 

69 Tu 
168.5 

70 Yb 
173.5 

71 Lu 
175 

72-73 Ta 
-181.5 

74 W 
184.0 

75- 

76 Os 
190.9 

77 Tr 
193.1 

78 Pt 
195.2 


79 Au 
197.2 

80 Hg 
200,6 

81 T1 
204.0 

82 Pb 
207.2 

83 Bi 
208.0 

84 Po 
210.0 

85- 




86 Em 
222.0 

87- 

88 Ra 
226.0 

89 Ac 
(227) 

90 Th 
232.15 

UrX2 

234 

92 Ur 
238.2 






In this table of the elements those which seem to be of greatest abundance and importance in liv- 
ing matter are underlined =======; those somewhat less abundant, but of great importance = 

those occurring in still smaller amounts, or only occasionally . 

compared with many others, as is indicated by freezing-point determina- 
tions from which estimates of their molecular weights may be made. 

Concerning the chemical composition of living matter Lepeschkin has 
made the following statement: 

Although chemical analysis permits only the determination of the composition 
of dead protoplasm, the substances found by analysis are derived from those of 
living matter. Dry protoplasm of ieucoc 3 rtes principally consists of nucleo- 
proteins and lipoids, and the protoplasm of red blood cells consists of proteins 
(haemoglobin) and lipoids. The protoplasm of plasmodium {Fuligo varians) 
contains plastin, a protein-like substance, which (insoluble in water) makes up 
S9.8 to 57.6% of the dry weight, and consists principally of nucleoproteins. 
Organic bases found are tbyirdn, uracil, xanthin or hypoxanthin, and cytosln 



PROTOPLASM 


71 


The amino acids found are arginin, histidin, Ijsin and asparagin. The dry 
plasmodium also contains 7 to 14 % of lipoids, about 2.2 % of free proteins, about 
15% glucose, 20% amino: acids and purin bases, and about 4.4% salts, (2.2% 
soluble in water). Therefore the chemical composition of protoplasm is near 
that of the nucleus. Chloroplasts contain proteinic substances and a large 
amount of lipoids. Living matter does not usually contain free lipoids and 
proteins, but they are combined to unstable chemical compounds as is evidenced 
by the facts that it loses its selective permeability after death, acquires the prop- 
erty of being stained by aniline dyes, and accumulates narcotic substances which 
produce the denaturation and coagulation of its proteins, more easily than solu- 
tions of albumen. 

The Biogen Hypothesis. — In connection vrith the discussion of the 
chemical composition of protoplasm, there should be mentioned the 
biogen theory of Verworn, on account of the place it has held in biological 
literature. Verworn supposes living matter to be made up of very large 
and relatively unstable molecules, vastly more complex than the protein 
molecules. These are considered to have a central permanent nucleus 
and a great number of side chains. These side chains are capable of 
oxidation, reduction, etc. The addition of oxygen is conceived to bring 
the molecules to the maximum of their instability, or power of decom- 
position. This follows the taking from the food matters of certain atomic 
groups from the proteins and their placement in the biogen so as to form 
certain cyanogen-like compounds. After the addition of the oxygen, the 
molecules, partly spontaneously and partly as the result of stimulation, 
break down more or less explosively, causing the formation of carbon 
dioxide and other waste products. These large molecules, biogen mole- 
cules, are considered the physical basis of the phenomena called life. The 
changes which take place in the breaking down of these compounds and 
their reconstitution are what is ordinarily called the vital phenomena. 

Verworn’s hypothesis has not met with general acceptance. The 
great variety of forms in which living matter appears seems to lend weight 
to the idea that the living substance is rather a mixture of molecules than 
anything so definite as a chemical compound. It may well be asked 
whether such a substance as protoplasm actually exists as a chemical 
entity. To quote from Sir Michael Foster: 

Does it wax and wane as does a crowd, the units constituting the whole; 
inconstant in number but identical in nature, or is it a material unstable alike in 
form and amount? He (the biologist) may speak of protoplasm as a complex 
substance, but he must strive to realize that what he means by that is a complex 
•whirl, an intricate dance of what he calls chemical composition, histological 
structure, and gross configuration are all, so to speak, the figures; to him the 
renewal of the protoplasm is but the continuance of the dance, its functions and 
actions the transference of figures. 
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Protoplasm an Heterogeneous System.— It has already 'been pointed, 
out that protoplasm is an extremely heterogeneous system. It is made 
up of numerous components, some of which are crystalloidal and some 
of which are colloidal in character. These substances may be very unlike, 
and they may be such as readily and strongly interact if they are brought 
together under the influence of some sort of catalytic agent. It has been 
mentioned elsewhere in this work that the origin of living matter was 
probably associated with the existence of the colloidal condition. That 
is, the existence of heterogeneous systems of the general character of 
some of the inorganic colloids made possible those chemical changes 
which later gave rise to self-perpetuating systems. The colloidal sys- 
tem is a system in which energy exchanges may readily take place; it is a 
system of great instability and great irritability. A very small variation 
in condition may induce great energy transformations. This is especially 
true in enzyme or other catalytic actions. 

C. DIAGHOSTIC CHARACTERISTICS OF PROTOPLASM 

Protoplasm exhibits a few characteristics by which it may always be 
recognized and distinguished from other material substances. These are 
its chemical composition, metabolism, its tendency to undergo cyclic 
changes, and its power to produce its own catalytic agents. 

1. Chemical Compositioji. — Protoplasm always contains one or more 
forms of a complex compound of carbon, oxygen, hydrogen, nitrogen, the 
so-called protein, a substance which has never been obtained except as 
the product of living things, and which, united with a large proportion of 
water, forms a large part of the living substance. 

2. Metabolism, — The living substance is constantly undergoing 
change. There is catabolism, a universal waste and disintegration of 
the protoplasmic substance through oxidation, and at the same time 
anabolism, a reintegration by the intussusception of new matter. Mole- 
cules are being constantly oxidized and then cease to be parts of the living 
body. Carbon dioxide is one of the substances given off, while others 
contain the other elements entering into the composition of protoplasm. 
If the two processes, anabolic and catabolic, are equivalent in amount, 
an equilibrium of mass results. If more body material is built up than 
is dissipated, there is an increase in mass. If more body material is 
broken down than is built up in a given space of time, there is a loss of 
mass. 

3. Tendency of the Protoplasm to Undergo Cyclic Changes. — ^All liv- 
ing matter proceeds from preexisting living matter, a portion of the latter 
being detached. This acquires an independent existence. Food mat- 
ter, in either the inorganic or; the organic form, is taken in and provides, 
among other things, the material out of which new living substance is 
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built.. The new organism takes on the form' and exhibits the characters 
of that from which it' arose. It, within very narrow limits :'of variation, 
leads the same sort of life and does the same sort of work as other members 
of the same group. It exhibits the same power to propagate itself by 
means of an offshoot. Sooner or later its life processes cease and, like 
its predecessors, it is resolved into more highly oxidative compounds of 
its elements. Its parts are now in position again to enter the life cycle, 
and may do so in any one of a great multitude of plant and then of animal 
forms. 

4. Power to Produce Its Own Catalytic Agents.— The chemical opera- 
tions of the cells are carried on by means of enzymes, each of which 
appears in control of a given reaction. The power to produce the great 
variety of enzymes necessary to do the work of any organism, as well as 
the many kinds of enz3rmes which appear to serve in making different 
protoplasms specific as to kind, would appear sufl3.ciently fundamental 
%o he termed diagnostic. 

The Fundamental Physiological Properties of Living Matter. — ^All 
Eving matter exhibits certain characters which, because they are common 
to all cells alike, are spoken of as the fundamental properties of Eving 
matter. Some of these will overlap some of the characters which have 
already been mentioned, as being diagnostic of living matter. It may 
be said that certain of these properties appearing alone would not be 
sufficient to determine a given structure as living rather than dead, but 
it may be held that if aU or any considerable number of them can be 
demonstrated, the material would be classed as living matter. 

These properties are: 

Irritability. 

Conductivity. 

Contractility. 

Spontaneity (?). 

Metabolism. 

Rhythmicity. 

IrritabiEty. — A very casual examination reveals the fact that many 
cells and tissues are sensitive to changes in their immediate environment. 
Closer study reveals the fact that such a quality is characteristic of all 
living cells. The nature of the response by which it is learned that some 
environmental change or condition has made an impress upon a cell wiU 
vary according to the type of the individual cell, as well as the particular 
conditions under which the stimulation takes place. The kind and degree 
of differentiation which the cell has undergone during the course of its 
development will give a clue to the nature of the response which will be 
seen. For example, the muscle ceE will respond to a stimulus by a con- 
traction in a definite direction. The gland cell will respond to stimula- 


Maintenance of high temperature (?). 
Growth. 

Consciousness. 

Memory. 

Reproduction. 
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tioB by prodiicmg a secretion. The nerve cell will give origin to a nervous 
impulse. The egg cell will respond to certain forms of stimulation by 
uadergoing cell division. 

Irritability involves some fundamental change in the rate or kind of 
processes going on within the cell or through the cell membrane. These 
changes may be either chemical or physical — or may be both. The pro- 
toplasm of the cell must be considered as being in a constant condition 
of change. The very fact that the cell is alive means that certain changes 
are taldng place. It is possible to believe that in a resting cell the various 
processes of the cell take place at rates which are adjusted to each other 
in a very definite way. Any disturbance of the ceU has the effect of 
altering in some degree some of the processes going on within the cell, and 
probably alters different processes in different degrees, so that as the 
result of the change in outside conditions there is a serious disturbance 
of the balance or the equilibrium of the cell. Any such disturbance of 
equilibrium of the cell leads immediately to a change in the behavior of 
the cell, and this change in behavior is called a response. Every altera- 
tion in the external conditions of the ceU may bring about such a change 
in behavior as has been mentioned and may, therefore, be called a 
stimulus. 

Classification of Stimuli . — ^Stimuli may be classified in various ways. 
A great variety of external conditions may alter the behavior of a cell 
and these different sorts of stimuli may differ among themselves in 
quality, in direction, in amount, in duration, and in frequency. Accord- 
ingly, stimuli may be classified as follows; 

1. Quality : 

Thermal. 

Photic. 

Mechanical. 

Osmotic, 

Electrical, 

2. Direction: 

Positive. 

ISTegative. 

3. Amount: 

Threshold of stimulation. 

4. Duration: 

Length of time of application. 

5. Frequency: 

Rapidity with which stimiili are applied. 

Nature of Irritability. — A number of theories have been suggested as 
to the nature of irritability.. None of these has proved to be acceptable 
to all physiologists, so the essentials, of some of the theories which today 
appear most likely to lead towaord the truth may be stated briefly. 
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In 1899, Dr. Jacques Loeb 'outlined a theory of irritability which may 
be summarized as follows: The salts, or electrolytes in general, do not 
exist in the tissues as such exclusively, but' are partly in combination with 
proteins (or fatty acids). The salts or electroi 3 rtes do not enter into 
combinations as a whole but through their ions. ' The great importance 
of these ion-protein compounds (or soaps) lies in the fact that by the 
substitution of one ion for another the physical properties of the physical 
Gompounds change, for example, their surface tension, their power to 
absorb water, or their viscosity, or their state of matter. There are thus 
in these ion-protein compounds or soap compounds essential constituents 
of living matter, which can be modified at desire, and hence it is possible 
to vary and control the life phenomena themselves. Life phenomena, 
and especially irritability, depend upon the presence in the tissues of a 
number of various metal proteins or soaps (Na, Ca, K, and Mg) in 
definite proportions, 

Lillie^ s Theory of Irritability. — ^Dr. Ralph S. Lillie has presented a 
theory of irritability based upon changes in the plasma membrane of the 
cell following stimulation. It is conceivable that the plasma membrane 
may play the part simply of a protecting or insulating membrane while 
the distinctly irritable mechanism lies within the cell in the living proto- 
plasm. Dr. Lillie holds that a stimulus, in order to act upon a cell, must 
at first affect the surface of the cell. He maintains that the membrane 
is the essentially irritable part of the cell, playing the role of a sensitive 
intermediary between the external world and the internal protoplasm, so 
that alterations in the membrane, particularly of its permeability, 
necessarily involve changes in the metabolism and hence in the energy 
production of the cell. 

Any increase in the ionic permeability of the membrane produces a 
corresponding change in its polarization, i.e., a depolarization which may 
evidently vary in degree. This depolarization is supposedly an essential 
part of the process, and there are reasons for supposing that it, and not 
the mere increase in permeability as such, is the really critical change in 
stimulation. 

In speaking of chemical stimulation as a special case of stimulation, 
Lillie says that the primary change in the stimulation of an irritable 
tissue is a sudden increase in the permeability of the boundary layers or 
plasma membranes of the constituent cells or elements. The resistance 
to escape of diffusible substances, including carbon dioxide, is thus 
diminished, and there results a corresponding acceleration of energy- 
yielding oxidation. Chemical stimulation results from those substances 
which affect the constituents of the plasma membrane in such a manner 
as to increase its permeability to : the degree required. The plasma 
membrane is primarily a colloid structure consisting of proteins and lip* 
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oids intimately imxed, possibly intercombined. It would tberefore be 
expected that its structure or consistency would be altered and its per- 
meability increased or decreased by substances which influence colloidal 
aggregation states. 

Chemical stimulation may be either reversible or irreversible depend- 
ing upon the reversibility or irreversibility of the changes produced in 
the plasma membrane. The membrane may lose its vital semiperme- 
ability temporarily in the first case and permanently in the second. 
Alkali and alkali-earth neutral salts produce reversible changes in the 
colloidal aggregation state, while with heavy-metal neutral salts the 
aggregation changes are irreversible. 

Conductivity. — The property of protoplasm known as conductivity 
is one through the action of which an impulse applied to one portion of a 
cell is transmitted through or over the whole of the protoplasm in such 
a way as to bring about the reaction of distant parts of the cell. For 
example, a stimulus applied to the surface of such a cell as Vorticella is 
conducted through the protoplasm, and the fact of such conduction is 
evidenced by the contraction of the long stalk. Or a stimulus may be 
transmitted through the protoplasm of the cell and result in the forma- 
tion of a secretion, the sending out of a nervous impulse, etc. 

There has been and still is a question whether conductivity is to be 
considered a property separate and distinct from contractility. The 
bulk of opinion seems to be in favor of considering it a distinct property. 

Contractility. — All living matter exhibits to a greater or lesser degree 
the power of movement, so as to bring about a change of form in itself, 
or to move itself from one place to another. The term has been used 
chiefly to indicate changes in the forms of such structures as muscle 
cells, and it has sometimes been overlooked that these changes may be 
very slight indeed. 

At least three different manifestations of contractility may be men- 
tioned: amoeboid movement, ciliary action, muscular action. The 
movements of flagella and of undulatory membranes perhaps form special 
cases of one of the above. 

Contractility is evidently due to the play of purely physical forces. 
Surface-tension changes and the imbibition of water by colloids, itself 
possibly a surface-tension phenomenon, have been invoked to explain 
the facts observed. McClendon attempts to explain amoeboid move- 
ment as due to local increase in permeability of the plasma membrane. 
He calls attention to the fact that all those agents which stimulate muscle 
or nerve also cause a rounding up of an amoeba. This approach to the 
spherical form may be interpreted as due to an increase in the tension 
of the plasma membrane, following decrease in polarization, which is 
the result of increase of permeability to certain ions or classes of ions. 
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It ■would be expected, therefore,, that -most of the tropic responses of the 
amoeba would be negati¥e— as, indeed, they are. The amoeba avoids 
the region from which a strong stimulus comes because the permeability 
and the surf ace tension of the plasma membrane on that side are increased 
and the protoplasm flows in the opposite direction. 

Spontaneity. — ^As .has already been suggested, one of the great battle- 
fields of modern physiology has been the question whether the living 
organism may assume automatic changes in structure or in function apart 
from the influence of external conditions or stimuli, f.e., whether it is 
simply a machine which acts only in response to stimuli or forces of one 
sort or another which are brought to bear upon it from without. 

Only the most careful and painstaking work will ever be able to give 
a satisfactory and convincing answer to the question. One might be 
led to believe that some of the simplest organisms are controlled by 
impulses coming to them from without, that they are forced to do the 
things they do, that they are not able to yield to their likes and dislikes, 
if it is granted that such sensations exist at all. But it is not so easy to 
believe that the higher animals are not in some measure at least able 
to act in a way not to be accounted for by the reactions to purely physical 
external forces. It is difficult, for example, to believe that all the acts 
or thoughts of man are to be accounted for upon the basis of reactions 
to stimulation. The very fact that it is difficult for us to put ourselves 
in the frame of mind necessary to acknowledge the possibility of such a 
condition makes it all the more necessary that we should examine all 
the evidence in the most judicial spirit, and that we should be willing 
to accept as facts all that can bring a sufficient proof. There can be 
no question that the work in experimental zoology during the past 
few years has done much to extend the list of phenomena, commonly 
called vital, which are to be accounted for upon the basis of physics and 
chemistry. 

Metabolism. — The term metaholism includes all those processes 
involved in the building up of protoplasm and its destruction incidental 
to the manifestation of vital phenomena. It includes all the chemical 
phenomena which are continually going on in the living substance, by 
which energy is provided for the vital processes and activities and by 
which new material is provided for the repair of wastes or for the growth 
of cells. 

Metabolism may be either constructive (anabolism) or destructive 
(catabolism). In anabolism the chemical processes are in the main 
synthetic, resulting in the building up of complex substances which 
finally become a part of the living organism. In the catabolic processes 
there is a gradual breaking down of the more complex into the more 
simple substances, frequently through oxidation, and with the liberation 
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of eaergy. The upbuilding and the down-breaking processes occur at 
the same time, but one set of processes may predominate over the other 
to such an extent as almost to obscure it* In general, plants are con- 
sidered anabolic in their nature and animals catabolic. This means that 
the plants are able to build up complex living matter out of the raw 
materials, while the animal is forced for the most part to live upon highly 
organized food materials and has preponderant power to break down 
complex substances. 

Rhythmicit^ property of protoplasm, less conspicuous in certain 
of its manifestations than some of the others mentioned, is rhythmicity. 
By this is meant the tendency of the fundamental, or even incidental, opera- 
tions of the cells of the animal body or of the animal or plant organism 
to alternate or oscillate from one side to the other of certain mean values. 
Some of these oscillations take place very rapidly, others very slowly. In 
some, one phase of the oscillation may be much more readily recognized 
than the other. In some, the position of equilibrium may be much 
farther toward one side than the other. Examples of such fluctuations 
are seen in the alternation of activity and repose; of contraction and 
relaxation; of wakefulness and sleep; of accelerated and retarded respira- 
tory movements and heart movements; of blood pressure; of the accumu- 
lation and discharge of gland cells; of raised and lowered body 
temperatures; of fatigue and recovery. It is undoubtedly true that this 
rhythmicity represents fluctuations in the fundamental metabolism of the 
cells of the animal body. That such fluctuations do occur seems to be 
established beyond question. Even among the protozoa, where it 
might be natural to expect to find an unvaried existence, there are 
evidences of fluctuation, as shown so well by Woodruff in his studies on 
the reproduction of Paramecium. Such fluctuations may be the result 
of alternations in the physical character of the colloidal system — ^proto- 
plasm — under the influence of variations in the saline balance. 

The rh 3 d;hmic fluctuation of physiological processes may be correlated 
with similar fluctuations of a purely physical origin. Some periodic 
phenomena are definitely associated with the regular succession of day 
and night, and with the associated variations of temperature and humid- 
ity, Even when other factors are kept constant, there is a periodicity 
in the electrical conductivity of the atmosphere (itself due to some 
unknown cosmic principle), to which living organisms respond by 
modified behavior. The curves for periodicity in pulse rate, respiration, 
blood pressure, and kidney function reach their low points at between 
4 and 6 o^clock in the morning, then rise rapidly, oscillate somewhat 
during the day, and reach their highest points in the latter part of the 
afternoon. 
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MaiiiteiiaEce„of High Temperature*- — It has frequently been stated 
that the power to maintain a temperature somewhat above the tempera" 
ture of the surroundings is one of the fundamental properties or eliarac- 
teristics of living matter. It is perfectly true that the higher' animals do. 
maintain temperatures above that of their surroundings; This is because 
of the power of these animals to regulate either the rate of heat pro- 
ductio'h in the body or the rate at which heat may be lost from the 
body. The lower animals and the plants do not have any means of 
controlling the rate at which heat may be given off from the body. The}?* 
are heat producers just as truly as the higher animals but on a smaller 
scale, and they dissipate the heat as it is produced. They thus come to 
have about the same temperature as the environment in which they 
are placed. In the course of their heat production they may succeed in 
raising to a certain extent the temperature of their environment. 

Growth. — Closely associated with metabolism is the property of 
growth. Whenever the anabolic processes of a cell exceed the catabolic 
processes, there is an accumulation of material. If this material is living 
protoplasm rather than inert matter, the cell is said to be growing. Mere 
increase in size may not indicate growth, but swelling. 

Consciousness and Memory.— Included in this list of the fundamental 
properties of living matter are two which have not commonly been so 
considered. If it is held that the higher animal organism is simply the 
result of an evolution from a lower preexisting form, and that the real 
difference between the higher and the lower consists in the degree to 
which certain properties are developed and not in the fundamental kinds 
of work which are carried on by the cells composing the body of the ani- 
mal, it seems necessary to include consciousness and memory as two of the 
fundamental properties of protoplasm. No one will question the fact 
that consciousness of existence occurs in the higher animal forms. Ani- 
mals recognize themselves as different from, their surroundings. They 
apparently recognize themselves as different from other animal forms 
which are about them. It seems not at all unlikely that many of the 
lower animal forms also have the power to make a similar distinction. 
The amoeba recognizes the existence of particles outside of itself. The 
Paramecium does this and more — ^it appears to recognize others of the 
same kind, and some evidence has been presented to show that it has 
the power of receiving or rejecting certain foods. Whether this apparent 
recognition and choice is simply a matter of physics and chemistry is 
still a matter for investigation. 

With the impinging of impulses upon the surface of the organism there 
come to be modifications of the protoplasm. It may be said that the 
first action is of necessity upon the plasma membrane and that the result 
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of a change in the plasma membrane is the immediate cause of changes 
which take place in the interior of the cell. After any given stimulations 
the protoplasm of the cell is not the same as it was just before the stimu- 
lation. It is generally conceded that with nerve cells the result of the 
impinging of such impulses is a more or less permanent change in the 
protoplasm of the cell. 

In support of the view that consciousness should be included as a funda- 
mental property of protoplasm it may be mentioned that the same idea 
has occurred to others. Professor Minot says: A frank, unbiased study 
of consciousness must convince every biologist that it is one of the funda- 
mental phenomena of at least animal life, if not, as is quite possible, of 
all life.^^ And G. F. Stout says: ‘^Wherever there is any kind of feeling, 
there consciousness exists, and wherever consciousness exists, mind 
exists.’^ 

Reproduction. — ^One of the most fundamental of all the physiological 
properties of living matter is reproduction. Without this property any 
protoplasmic line would cease to exist — ^with it any protoplasmic line 
acquires through time a continuity that would be impossible for any 
individual representative of that line. This continuity of the racial 
line appears to be the important end. Individuals of any line grow old 
or deteriorate in their metabolic processes to such an extent that a reor- 
ganization of the protoplasmic material is necessary. This necessity 
may arise from the using up of essential cell constituents or from the 
accumulation of not easily eliminated waste matters. 
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Present conceptions concerning the ultimate structure of all animals 
and plants come from the work of two investigators of the earlier half of 
the nineteenth century. Schleiden, a botanist, and Schwann, a zoologist, 
in 1838 and 1839, respectively, published papers which laid the founda- 
tions of our present cell theory. It is now known that all animals and 
plants are composed of certain structural protoplasmic units termed 
cells, and that they become adapted to the particular work which they 
have to perform through various chemical and physical differentiations, 
which are such as to enable them to do their work in an improved manner. 
This was expressed in Virchow’s dictum, ^^Omnis cellula e cellulaJ^ 

Elementary Cell Structure —Even the simplest forms of cells as 
they are known today are exceedingly complex structures, and it must 
be assumed that their ancestors have gone through a very long period 
of evolutionary change to bring them to their present stage of develop- 
ment. The term cell has come through usage to mean a small body of 
protoplasm, containing a nucleus or nuclear material, and surrounded by 
a cell membrane. It is not necessary in this place to trace the steps 
which have led to our present understanding of what a cell is. From what 
has already been said, it will appear that the cell is considered as the 
resultant of a long line of evolutionary change and that what is seen 
todaj’^ and called a cell is without doubt a great advance over the simple 
elementary thing which first made its appearance as an independent 
protoplasmic body. 

The Nucleus. — ^At or near the center of the cell lies a highly differ- 
entiated body, the nucleus. The differentiation of this body was very 
likely one of the early steps in the evolution of the cell. In fact, certain 
cells are known in which there is no definite nucleus, but only scattered 
particles of rather poorly differentiated nuclear material. The proto- 
plasm of which the nucleus is composed is of a somewiiat different quality 
from that comprising the remainder of the cell It is a denser gel and 
may well be thought to have special duties to perform in the life of the 
cell. The nucleus is not a homogeneous mass, but is composed of a 
variety of substances combined in a most complex manner. Certain 
very dense gels, the chromosomes or chromatic material lying in the 
nucleus, are undoubtedly very complex protein substances and are now 
believed to be the bearers of hereditary tendencies. From the ways in 
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which they react within the cells in controlling the development of 
the organism and in transmitting characters from one generation to the 
next, it is evident that they are not only exceedingl3^ complex but that 
they are different from each other in the nucleus and that each such 
body is a complex of very definite chemical materials of high potency. 
Less is known about the achromatic material of the nucleus. At the 
present time it must be confessed that little information exists as to its 
nature and less as to its significance. About the nucleus and separating 
it from the cytoplasm of the cell is a very thin membrane. This may be 
in the nature of a precipitation membrane. It appears structureless 
but is undoubtedly a definite structure. From a physiological point of 
view the nuclear membrane is an important structure, forming a definite 
separation between the coUoids of cytoplasm and nucleus while still 
providing for the diffusion of oxygen, carbon dioxide, and crystalloids 
generally. In the more primitive cells, nucleus and cytoplasm may have 
intermingled, but in all the more highly differentiated cells there is a 
well-marked boundary. The significance of such a limiting membrane 
may possibly be indicated at the time of cell division when the membrane 
is normally broken down and the substances of the nucleus have an oppor- 
tunity to mingle with those of the cytoplasm. It seems likely that such 
a mingling at other periods than during cell division might lead to the 
loss of the very important and difficultly replaceable chromatin material. 
The hemming in of this material by a membrane leads to its conservation. 
The only times when the nuclear material comes in contact with the cyto- 
plasm, which might have a very destructive effect upon it, are the periods 
of cell multiplication, periods when an equal separation of the material 
between the two daughter cells is called for. 

Functions of the Cell Nucleus. — The work of the nucleus in the daily 
life of the cell is a matter of importance. A cell without a nucleus may 
move, respire, digest, and respond to stimuli as would a normal cell. 
The cell is able without the nucleus to display any activity depending 
wholly upon catabolic or destructive processes of the protoplasm. 

In speaking of the functions of the nucleus, a distinction must be 
made between those functions which have to do with the cell as an indi- 
vidual and those which have to do with the cell as a link in an hereditary 
chain. In so far as heredity is concerned, the nucleus is the depository 
of the chromosomes which are believed to transfer the determiners of 
heredity from one cell generation to the next. 

As an organ of the individual cell there is some doubt as to Just what 
the function of the nucleus may be. It appears to be demonstrated that 
processes involving organic synthesis do not take place in cells deprived 
of nuclei. Hence the conclusion that the nucleus is primarily an organ for 
the synthesis of new substancd Various attempts have also been made 
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to show that the nucleus is the oxidizing organ of the cell. In certain 
cases this supposition appears to have much in its favor; in certain other 
cases it has been shown that processes of reduction take place most 
rapidly in the region of the nucleus. 

The Cytoplasm. — The cytoplasm of the cell, that portion of the proto- 
plasm which lies outside the nucleus and within the cell membrane, is 
colloidal material containing more or less water. This colloidal material 
is exceedingly heterogeneous and must include a great variety of sub- 
stances known to cytologists and designated under such terms as gran- 
ules, mitochondria, Golgi apparatus, etc., the exact functions of which 
are entirely unknown. Chambers^ account of the structure of the 
c3rtoplasm of the living cell, while not entirely complete and satisfactory 
in all details, gives the known essential facts. In addition to the living 
protoplasm nonliving materials are frequently found in the cytoplasm. 
Such are oil drops, crystals, granules of pigments, waste materials follow- 
ing metabolism, etc. Frequently a layer of the cytoplasm just beneath 
the cell membrane is modified into a much more solid and resistant gel, 
termed the ectoplasm. This modification is evidently a cellular adapta- 
tion resulting in increased stiffness and mechanical stability. 

The Cell Membrane, — ^About every living cell, and forming a bound- 
ary between it and other cells or its environing liquid, is a thin and appar- 
ently structureless membrane. In many cases the membrane is 
exceedingly thin — ^in fact, it is so thin in some cells that its existence has 
been denied. In other cells the presence of the membrane is easily detected 
by the microscope. The membranes about cells appear similar in origin 
to those which form on the exposed surface of such foams as beaten -white 
of egg, in which there is an actual gelation of albumin particles in the 
surface layer. The substances which enter into the composition of the 
films of living cells come from the protoplasm of the cells (and possibly 
from the liquid surrounding the cells, since the membrane is an inter- 
facial structure) and appear chiefly lipoidal and protein in character. 
The two types of substances found in the cells which would tend to 
collect in the surface layers of the cells because of their tendency to low-er 
surface tension are lipoids and proteins. Inasmuch as the protoplasms 
of different cells may differ chemically in composition, it follows that the 
composition of the membranes may differ also. 

The function of the cell membrane is apparently to maintain a separa- 
tion between the substances composing the protoplasm and the substances 
outside of the cell. Whatever substances enter the cell or leave it must 
do so by diffusion through the membrane. The integrity of the mem- 
brane is, therefore, responsible for holding together in a common system 
the colloids of the cell, and probably also for regulating the inflow and 
outflow of crystalloidal substances between the protoplasm and its envi- 
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ronment. The permeability of the membrane varies from time to time 
according to external and internal conditions. This matter is discussed 
in another connection (pages 52-55). 

The Syncytium. — Occasionally there is formed a protoplasmic system 
which appears to be contrary to the cell theory. Students of experi- 
mental embryology have often observed the repeated divisions of an egg 
nucleus within the cytoplasm without any accompanying cytoplasmic 
division. Such a multinucleated protoplasmic mass is called a syncytium. 

In Peroderma cylindricum, a copepod parasitic upon Clupea pilchardus, 
a herring, all organs except the mucosa of the alimentary tract, the ovary, 
and the mononuclear amoeboid cells of the coelomic fluid are made up of a 
multinucleate mass without cell walls, a syncytium or plasmodium. 

Cellular Differentiation. — Cells assume, both among the protozoa 
and the metazoa, the most varied forms and perform the most diverse 
functions. In all cases, however, no matter how divergent they may 
become from the typical form, it is still possible to recognize cytoplasm 
and nuclear material, which may or may not be aggregated into a definite 
nucleus. The variations which different types of cells present give visible 
expression of the principle of the division of labor. In this differentiation 
it is very likely that one of the first steps was the distinction of the 
nucleus or nuclear material from the cytoplasm. 

Adaptation of Form to Function. — ^The forms which cells have come to 
assume are doubtless determined according to the functions they are to 
perform. Among the simplest forms of life, where all the vital processes 
of the organism are bound up within the limits of a single cell, there 
can be no doubt that the cell is the unit of function as well as of structure. 
Each ceil lives by itself, has its own independent existence, and carries 
on ail the fundamental functions that pertain to any animal. Finally, 
through a division of its substance, it gives rise to new individuals. 

Interactions of Cells, — In forms higher in the animal scale, with the 
setting aside of certain cells in the animal body for the doing of certain 
specific things there is a relinquishment by each and every cell of some 
part of its inherited capacities and functions. This giving up of some- 
thing is associated with a definite gain in effectiveness in its work along 
some special line. As a result, there comes to be an interaction, and an 
interrelation, between the cells which are associated in an organism, so 
that ultimately the cell ceases to be the functional unit and the organism 
becomes the unit of existence. 

In considering the matter of the physiological differentiation of cells 
and the morphological differentiation which of necessity follows, it is 
necessary to keep in mind the fact that, while the cell is becoming modi- 
fied to do a certain type of work with a higher degree of efficiency, it is 
still considered a protoplasmic celL: 
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special and General Functions of Cells* — The special ftnaction. wliich 
a cell seeks to'' emphasize does not at all reheve itirom t-lie ne'Cessity. 'of 
keeping up its protoplasmic structure.. On the contrary^ it becomes 
even more important that the particular mechanism of the particular 
type of cell should be kept in best possible condition. The cell must 
still carry on those ordinary metabolic processes, essential to keeping a 
protoplasmic cell in repair. ■ To be sure, the metabolic processes be.come 
somewhat, modified in character. Metabolism must go on, and go along 
special lines, and frequently at a more rapid rate than in the imdiffer- 
entiated cell. These metabolic processes, common to all living cells 
alike, may be referred to as the general or vegetative functions of cells. 

Among the protozoa, all the functions and properties common to 
animal cells are carried on within the bounds of a single cell. In such a 
cell the various properties may be exhibited to about the same degree, or 
it may be found that on account of some peculiarity of mode of life some 
one or other function or property of the cell may be developed to a greater 
degree, without, however, seriously interfering with the other functions 
of the cell. Where all the functions of the organism are carried on by a 
single cell, they cannot all be carried on so well as where there is some 
degree of division of labor. That is, if the cell must turn itself to the 
task of getting food, getting rid of wastes, moving about for the purpose 
of obtaining a better environment, or warding off the attacks of enemies, 
it cannot do all these things effectively. 

When animals higher up in the animal kingdom are examined, it is 
found that certain cells specialize to do certain things in the colony of 
cells of which they are parts. One may be a contractile cell. If so, its 
structure and energies will be turned in that direction. It will be so 
constituted as always to be ready for contraction when stimulated. It 
will need to be extremely sensitive, so as to contract upon the slightest 
stimulation. And so as to be able to do this work to best advantage for 
the colony of which it is a part, it will have furnished to it in a form ready 
for immediate use the food materials necessary for maintaining its struc- 
ture and for furnishing the en-ergy for its work. Its wastes will be 
removed from it as rapidly as formed, and fresh supplies of oxygen will be 
brought to it. It, in its turn, through the fact that it has only the one 
principal function to perform — ^that of contraction — ^will come to contract 
more quickly, through a greater distance, and more strongly than would 
another cell not specially differentiated for the purpose. As it is a mem- 
ber of a colony of cells, it will do this work for the benefit of the colony 
rather than for itself. It has given up something of its own powers, 
but at the same time has made itself more of a power than it ever could 
have become if it had remained alone as an isolated individuaL In 
thus putting itself and its power of contraction at the disposal of the 



86 TEXTBOOK OF COMP AMATIVE PHYSIOLOGY 

community of which it is a member, it gives up its power of spontaneous 
contraction— or so adjusts itself that it does not normally contract unless 
stimulated, under the conditions of the . environment furnished by the 
organism as a whole. The cell thus becomes a servant in the community, 
does not contract unless called upon, and upon demand contracts to the 
full extent of its ability. 

The same general line of thought may be pursued in regard to any 
other class of cells in the animal body. In each it will be discovered that 
for each bit of individual activity which the cell has sacrificed there has 
been a corresponding gain along some other line, so that the cell in the 
long run is not the loser but the gainer. At the same time the colony of 


Movement 



Fig. 10. — Diagram showing lines along which the differentiation of the unspecialized cell 

takes place. 

cells gains greatly, for all the cells of a colony are enabled to do their work 
with greatly increased efficiency. 

Directions of Differentiation. — Upon examination it is found that 
undifferentiated cells may be modified along one of several different 
lines according to the type of function which may be facilitated. These 
are: 

1. Modifications tending to facilitate movement. 

2. Modificatiosas tending to facilitate secretion, absorption. 

3. Modifications tending to facilitate support and protection. 

4. Modifications tending to facilitate storage and insulation. 

5. Modifications tending to facilitate reception, conduction, and 
storage of impulses. 

6. Modifications tending to facilitate reproduction. 

The accompanying diagram fFig; 10) indicates in a graphic way 
some of the possible jpathwaj^ which may be traveled by a cell in the 
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course of its differentiation. It should be kept in mind that the; cell 
shown :at the .center is not an'egg'celb but one, of the: iiiidifferentiatedy 
or only .'slightly differentiated; embryonic cells resulting from early divi- 
sions of the fertilized egg. 

Cellular Modifications Tending to Facilitate Movement— One of 
the most striking properties of living matter is that of movement. , Cer- 
tain forms of cells exhibit a rotation or streaming of the protoplasm .within 
the cell membrane for which there is no evident mechanical causa. Many 
plant cells and some protozoan cells show this property very clearly ^ 
while many other types of cells have a protoplasm which appears very 
stable. 

Very many animal cells are adapted for the display of movement. 
These adaptations are usually of a permanent character, though there 
are certain cases in which they are temporary. Among these adaptations 
may be mentioned pseudopodium-like processes, flagellum-like struc- 
tures, flagella, cilia, undulating membranes, musculoepithelium, and 
muscle cells. 

1. Pseudopodium4ike Processes , — These are bud-like projections from 
the surfaces of cells, produced perhaps through a general contraction of 
the protoplasmic mass and a weakening of the surface layer on one side 
of the cell so that a portion of the protoplasm is squeezed out upon that 
side. There is little if any previous structural differentiation, the cell 
being capable of forming these projections at any point upon its surface. 
The formation of the pseudopodia has been accounted for in a variety of 
ways, and especially has the action of surface tension been stated to 
account for the facts observed. It appears, however, that surface ten- 
sions are of doubtful value in accounting for the formation of these buds 
unless one restricts the action to intracellular surfaces. Certainly, 
changes of tension at the cell-water surface can hardly account for the 
movements observed. It is entirely possible to account for the facts 
observed if one assumes a variety of interfaces within the cell along which 
there may be increases or decreases of tension. Such changes would 
result in protoplasmic movements of considerable amplitude and intensity. 

2. FlagellwnAihe Structures , — second group of structures favoring 
movement has been observed in certain of the Myxomycetes in which 
pseudopodia, formed apparently as similar structures in other protoplas- 
mic cells, become converted into more or less permanent structures of a 
flagellumr-like form. 

3. Flagella , — In many of the protozoa and in higher forms as well, 
there are found long whip-like structures extending outward from the 
cell, and these by their continual lashing in the water serve as locomotor 
or food-gathering organs. They are permanent structures. There is 
little definite information as to their actual method of operation. 
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4. Cilia.~The surfaces of many protozoa and the free surfaces of 
many of the exposed cells of the higher forms are covered with minute, 
hair-like processes which, by their lashings in the water in definite ways, 
serve as locomotor organs or as structures for keeping in motion the liquid 
which bathes the surface of the cell. 

5. Undulating Memhrane . — Certain cells, notably some sperm cells, 
are provided with a long narrow membrane capable of a wavy movement 
which assists in locomotion. 

6. Mv^cuhepithdium.---l'a. certain of the lower metazoa are cells which 
act at the same time as sensory, covering, and motor cells. They are 
frequently of an L or T shape, having a long basal portion, which is 
very contractile, and arising from this a slender branch which acts as a 
receptor of stimuli. 

7. Muscle Cells . — ^These are cells in which the whole or a greater part 
of the protoplasm has become converted into a definite contractile mech- 
anism. There is a great gradation in the degree of complexity of these 
cells and a great difference in the degree to which the contractile function 
has been developed. Some, such as the wing muscles of insects, act with 
great rapidity; others, as the adductors of moUusks, act very slowly. 

Cellular Modifications Tending to Facilitate Secretion and Absorp- 
tion. — ^Much of the work of the organism is of a chemical character. 
Where all the functions of the organism are carried on by a single cell 
this chemical work is, of necessity, all done by the one bit of protoplasm. 
This work involves the production of all the digestive ferments and such 
other substances as are needed by the cell in its life processes, and not 
obtained as a part of the food supply. 

Cells which are set apart for this chemical work of secretion frequently 
show little morphological change from the more generalized types of 
cells. In form, they may approach very closely the typical form. The 
character of the protoplasm may appear modified by the presence of 
granules or masses of substance stored up or elaborated by the proto- 
plasm as a part of its special work. The chemical substances produced 
may be enz3unes or their precursors, hormones or chalones, drugs, toxins, 
antitoxias, etc. It should be understood that the formation of these 
chemical substances which have been mentioned may occur in other 
than secreting cells, but the chenaical processes leading to the elaboration 
of the substances in question take place to a greater degree in secreting 
ceils than in other cells of the animal body. 

Cellular Modifications Tending to Facilitate Reception, Storage, and 
Conduction of Impulses.— The property of irritability is one of the most 
striking of the fundamental properties of protoplasm. The living sub- 
stance responds to external stimulation by movements or other types of 
response • which are in kind and intensity wholly independent of the 
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amount of, energy involved in the stimulus. For example^ the stimuius., 
.conveyed to the muscle cell is entirely disproportionate to the amount of 
work which may be called forth as the result of stimulation. 

The cellular modifications which make this type of work possible are 
probably both physical and chemical. The decidedly characteristic forms 
which .nerve cells assume are, recognized, with the very much elongated; 
process reaching from the cells proper out to some .relatively distant' por- 
tion of the body, and through their processes placing two distant parts 
of the organism in almost direct physical communication. The long line 
of ancestral history back of these highly complex structures is yet to 
be unraveled. Some of the steps which have been covered in the evolu- 
tion of these cells can only be guessed at. Professor Parker^s studies will 
doubtless help to make clear some of the phases of the evolution. 

A part of the modification is certainly chemical in character. The 
fact that impressions made upon the nerve cells appear to be quite per- 
manent in many cases leads to the belief that at the moment of stimula- 
tion some very definite change must take place in the cell, and that this 
change leaves some form of permanent impress upon the protoplasm of 
the cell. 

Cellular Modifications Tending to Facilitate Reproduction* — Among 
the simplest forms of animals the reproductive process may be roughly 
stated to be a simple division of the existing cell so as to give rise to 
daughter cells which are, in general, duplicates of the parent ceil from 
which they arise. 

Among the higher animals certain cells are set aside for the purpose of 
transferring to a new generation the characters which taken together 
have comprised the parent. The specialization of the cells takes place 
along two distinct lines. In the one type of cell a certain amount of 
storage material is provided which may be called upon to furnish nourish- 
ment for the growing embryo, during the period before it is able to take 
food from its environment, and to furnish the energy necessary to carry 
it through the various processes involved in transforming the protoplasm 
of the egg cell into that of a colonial form made up of definite organs 
arranged in a particular way. The presence of this storage material 
adds much to the bulk of the reproductive cell, and renders it particu- 
larly inert. Cells of another t3rpe, the sperm cells, are especially modified 
to provide for rapid movement from place to place. It is also likely that, 
in addition to being motile, they are especially sensitive to the presence 
of certain specific chemical substances which may serve as directive 
agents toward the egg cell. In this case the cell is an extremely modified 
one, the head of the spermatozoon representing the nucleus of the undif- 
ferentiated cell, the tail of the spermatozoon being the modified cyto- 
plasm, and the middle piece being the centrosome. 
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Cell Division —Just as living matter has its origin only in preexisting 
living matter, so cells are always the direct descendants of other cells. 
In considering the events which occur in the process of cell division it 
must be remembered that the cell is a physical system of great com- 
plexity. Many accounts of the phenomena occurring in cell division 
have been written, but almost all of these have been written from the 
standpoint of persons who have made a series of careful observations upon 
material which has been fixed and stained — dead material. Cell divi- 
sion is a sign of life, of intense activity, and should be, and some day will 
be, described as a series of orderly processes, easily explainable in terms 
understandable by the physicist and the chemist. 

The division of the cell into two, following a period of growth, appears 
to be an adaptation of the cell looking toward an increase in its surface 
in proportion to the mass. Two chief types of the process have been 
described, the direct, or amitotic, and the indirect, or mitotic, division. 
While either of these types may accomplish the restoration of the proper 
ratio of cell surface to cell mass, the direct method is less accurate in its 
division and distribution of the various elements of the cell to the daughter 
cells. If it is correct to think of the cells as physicochemical systems of 
considerable definiteness of composition and architecture, it must be 
apparent that in cell division some method must be employed which will 
provide for the equal distribution of important chemical substances 
between the daughter cells. 

It is undoubtedly true that at the beginning of cell division the proto- 
plasm of the cell is in a liquid condition. At this point one must not 
be confused by the presence of large quantities of yolk or other non- 
living matter which may be held within the cell. This material may be 
dense, lifeless stuff, but the living protoplasm in which this material is 
embedded is active, fluid, and has been observed over and over again 
to exhibit amoeboid movements and flowings of a character not at all 
possible to matter in the gel condition. 

It should be recalled that the cell is a complex, heterogeneous system 
of a number of colloidal substances. In order that the functions of the 
cell may take place in a normal manner, these substances must, in all 
probability, be present in definite , relative proportions. The process of 
cell division must, then, involve the division of these different colloidal 
substances and their distribution to the daughter cells. 

The first structure in the cell to divide is the centrosome. This struc- 
ture has been and still is held by some cytologists to be an organ of prime 
importance in the formation of the aster and, therefore, in cell division. 
The centrosome appears sometimes to be located within the nucleus; in 
other cases it is purely a cytoplasmic structure. In some cells it appears 
to be a permanent structure; in only temporary. The forces 


THE CELL 


91 ' 


or conditions within the cell which lead to the activity of the. centrosome 
are not known, ' Neither is the nature of the forces involved in the actual 
division of the centrosome into two- known. It' may be said^ however ^ 
that the appearance of this body as it divides and separates into two 
is so similar to the general appearance of the dividing nucleus that one 
is forced to wonder if the underlying principle at work in the two cases is 
not the same. After division, the two daughter centrosonies migrate 
through the cytoplasm along arcs of 90 degrees to positions at opposite 
sides of the nucleus. 

During the period of migration of the centrosomes the nuclear mem- 
brane (except in many protozoa) is dissolved and allows the nucleoplasm 
and cytoplasm to mingle. Under ordinary conditions the rupture of 
the nuclear membrane and the ensuing mingling of the two plasms end 
in the destruction of the cell. At this period of the life of the cell, how- 
ever, the mingling of these different plasms is less injurious. Whether 
this mingling of nucleoplasm and cytoplasm is a matter of fundamental 
importance in the division of the cell, or merely incidental, is yet to be 
determined. The fact that it always occurs would appear to lend empha- 
sis to the suggestion that it is more than incidental in importance. 

Among the materials involved in the processes of cell division none is 
believed to be more important than the nuclear chromatin. In the rest- 
ing condition of the cell this substance is very inconspicuous in amount 
and behavior. Staining with various reagents shows that the chromatic 
material is very irregularly arranged in the nucleus. Injury to the 
nucleus by a dissecting needle, or the natural instigation of cell division, 
leads to a most remarkable series of changes in this material. If the 
nucleus of the dividing cell is like the nuclei of other cells which have been 
examined, it is a mixture of gels of different degrees of stiffness. The 
nucleus appears to contain an irregular network with granules embedded 
in it. The granules are very concentrated masses of gel, the network 
irregularly disposed masses of a diluter gel, and the interstices the most 
dilute gel in the nucleus. It is probably true that with the breaking down 
of the nuclear membrane there is a change in the relative water contents 
of the different gels of the nucleus. At any rate, the movements which 
take place during the rearrangements of the nuclear materials can hardly 
be assumed to take place in gels of high viscosity. The granules which 
form the densest gel begin to take on the appearance of beaddike swellings 
strung upon a long thread. This thread of beady granules show^s a 
strongly acid condition, as is indicated by its remarkable affinity for 
basic dyes. The granules of the thread swell, as would be natural for 
such colloidal gel material to do in a solution having a pH somewhat 
removed from that of the isoelectric pointj and grow enormously. The 
separate granules crowd more and more closely together, and in many 
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cases are no longer to be distinguished, even by the highest powers of the 
microscope, as separate granules. After a time the thread breaks up 
into a number of segments, known as chromosomes, the number of which 
appears constant for each species of animal. The granules forming the 
chromosomes are apparently very important structures of the cell. At 
any rate, there is evidence that each jelly-like granule in the linear series 
is divided into two, surface-tension phenomena very likely pla3dng an 
important role in the process. Thus each chromosome becomes doubled. 

While these changes are taking place in the nucleus, radical modifica- 
tions occur in the cytoplasmic portion of the cell. There is formed about 
each centrosome a structure known from its general appearance as the 
aster. The two asters together are commonly referred to as the amphi- 
aster and are connected by a nuclear or cytoplasmic arrangement called 
the spindle. 

The amphiaster comprises two semisolid masses within the more fluid 
portion of the cell. These structures are the result of a more or less 
gradual gelation of the cytoplasm immediately surrounding the centro- 
somes. This gelation spreads until almost all of the liquid portion of 
the cell is transformed to a stiffer gel. This gel now exhibits behavior 
similar to that of other gels. It contracts, and as it contracts it forces 
a separation of liquid from gel; it separates minute droplets of liquid from 
the continuous gel phase by arranging itself in crystal or spicule forms, 
leaving droplets of liquid between. As more and more of this liquid is 
separated from the gel, the droplets run together and form little channels 
all through the jelly mass. These channels are arranged in a more or less 
radial manner, with the centrosomes as the centers of radiation. The 
liquid squeezed out from the ge! moves toward the centrosomes and col- 
lects about them in the form of liquid spheres, the centrospheres. 

The formation of the amphiasters and the mutual pressure of these 
two masses probably cause the elongation of the cell during cleavage. 
The division of the cell into two is due to the growth within the cell of 
these two gelatinous masses at the expense of the liquid cytoplasm. 
Cleavage occurs when the cytoplasm is nearly entirely incorporated into 
the two masses. The high surface tension of the equatorial band seems 
now to indent the surface layer of the cell into a furrow, which becomes 
deeper and deeper until it finally cuts the cell into two. After the furrow 
has formed and separated the cells, the semisolid masses revert to a more 
fluid condition. If the formation of the furrow is prevented by any 
means, the cell becomes a single semifluid mass containing two nuclei. 

The facts as to the division and separation of the chromosomes are 
well known. Each chromosome becomes split into two entirely similar 
halves, one of which travels toward each centrosome. Whether the 
chromosomes are carried along by currents of streaming liquid or by the 
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contractions of colloidal threads attached to them, or in some other way, 
:iS' yet''tG:;be deteimined. ' , 

Up to this point the functions and properties of cells have been con- 
sidered. Now, turning aside from this consideration, and thinking of 
the organism as the unit of function, the attempt will be made to deter- 
mine how the organism does its work. In doing this it wnll be necessary 
to make a comparative study of the different processes or functions as 
they are carried on in a variety of animal forms, beginning with the more 
generalized and working toward the more specialized. In this way it 
may be possible to get something of an evolutionary concept— a concept 
of the advance which has been made in bringing the various processes 
and systems studied to the high degree of development found, in the 
more complex organisms. 

In making this study it must be kept constantly in mind that, for 
the purpose in hand, the organism dealt with is a physicochemical system; 
that the organs and tissues which compose it are physicochemical com- 
binations; that the operations involved in the life processes are physical 
and chemical processes; and that the laws which govern and control the 
workings of the inconceivably intricate system are the laws of physics 
and chemistry. 

Role of Oxygen in Cell Division. — Eggs of the sea urchins, Siron- 
gylocentrotus Uvidiis and Echinus microtuberculatuSj may be kept without 
oxygen in small chambers during the period of the first cleavage. If the 
eggs are deprived of oxygen immediately after fertilization or at any 
time up to the first metaphase, the mitotic figure gradually fades out but 
reappears in exactly the same phase and position when oxygen is read- 
mitted, and then development proceeds normally. When the eggs are 
deprived of oxygen at the full metaphase or anaphase, the mitotic figure 
slowly fades out, and when oxygen is readmitted, often reappears as a 
white streak between two elongated astrospheres. The subsequent 
development is irregular, many asters appearing, the cells dividing irregu- 
larly and often fusing again. Later the eggs right themselves and produce 
normal blastulae and larvae. Eggs may elongate and a cleavage plane 
start to come in during the lack of oxygen, but if kept without oxygen, the 
egg rounds out again and the cleavage plane is obliterated. When air is 
readmitted, the eggs proceed with irregular cleavage, but result in normal 
larvae. If the division plane has come in before all the oxygen is gone, it 
remains, and when air is readmitted, regular cleavage proceeds. But 
if the eggs are kept without oxygen just before the second cleavage, when 
air is readmitted, irregular cleavage and fusion of cells take place, but 
normal larvae result. 



CHAPTER VI 

THE GENERAL PHENOMENA OF LIFE 


The characteristics which are held to be a diagnostic for living matter 
have already been stated. Instead of considering the substance which 
forms the basis for the vital phenomena, the phenomena themselves may 
be considered. In other words, an attempt will be made to get away 
from the idea of structure as the fundamental thing and think in terms of 
function. The phenomena which pertain to living things may be classed 
under three general heads, metabolism, energy transformation, and 
changes of form. 

1. Metabolism. — In this term is included the sum total of the changes 
of substance of the living organism. The cells of which the living organ- 
ism is composed are constantly undergoing change in a chemical way. 
These changes are brought about in the processes of digestion, nutrition, 
respiration, circulation, secretion, and excretion. 

2. Energy Transformation.— All of the substances taken in by the cell 
contain potential energy which can be and is transformed in the living 
organism to kinetic energy and appears as motion, light, heat, or elec- 
tricity. The energy transformations in the living cells conform with the 
first and second laws of thermodynamics. Experiments upon muscle 
contraction and on the series of equilibriums in the blood are evidence 
that the elementary phenomena of life are explainable in terms of physics 
and chemistry. However, the harmonious coordination of the organs 
and tissues of the living organism is still a mystery. 

3. Changes of Form— The constant modification of the protoplasm 
through the taking in of food leads to a gradual increase of mass on the 
part of the cell or the organism. In many forms it leads to the develop- 
ment of a more complex structure out of a simple one as it comes to 
adult life and, finally, to the setting aside of a cell or cells which, in turn, 
will go through the same cycle as the cells from which it arose. This 
leads to what is called reproduction. 

Conditions Essential for the Production and Maintenance of Life. — 
Living matter must be considered a result of the evolution of matter. 
As the forms which nonliving matter assumes are considered and it is 
remembered that all the elements are made up of similar units, the elec- 
trons, combined in varied numbers and arrangements, and that the inor- 
ganic compounds are simply combinations of these elements, it must be 
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apparent also that living matter is but 
power to combine exhibited by the var- 
ious inorganic elements. The same 
electrons^ the same elements are pre- 
sent, and some of the same simple 
compounds of the elements of lower 
atomic weight. There is, however, 
this difference: The living substance 
and the compounds derived from it are 
vastly more complex in structure and 
arrangement than any of the so-called 
inorganic substances. The molecules 
of the proteins, which comprise a most 
important part of the living sub- 
stance, are very large and exceedingly 
complex in their configuration. 

Factors Conditioning Life. — ^How 
life originated upon the earth is not 
known. Many guesses have been 
made as to the nature of the conditions 
which must have existed in order to 
render the origination of living matter 
possible. Also many attempts to cre- 
ate living matter in the laboratory 
have been made. None of these has 
been successful. The secret of the 
origin of life is still baffling. And 
while this is true, it seems perfectly 
evident that there are certain things 
which can be said as to the conditions 
upon the earth which tend to make 
life possible. 

1. Heat — ^When considering the 
possible range of temperatures from 
absolute zero up to, say, the temper- 
ature of the sun, it becomes evident 
that the range included between the 
temperature limits at which life can 
exist is extremely limited and lies rel- 
atively near to absolute zero. The 
temperatures of the earth, land and 
sea, must have been witliin these 
narrow bounds. A lower temper- 
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ature would bring about the freezing of the water which is so important 
a constituent of the living substance, and a higher temperature would 
result in the destruction of the living substance. Also the chemical 
processes which are characteristic of living matter can apparently take 
place in a satisfactory manner only within the temperature limits just 
noted (Fig. 11). 

2. Light . — It is possible, though it does not appear probable, that 
physicochemical systems capable of self-continuance may have been 
produced upon the earth while all was dark. It is much more likely that 
the light appeared first. The formation of the earth was undoubtedly 
accompanied by light, and while the atmosphere of the earth may for a 
long time have been too dense to permit easy penetration by the sun^s 
rays, it cannot be doubted that this light energy had an important effect 
in maintaining life upon the earth. The earliest organisms had no chloro- 
phyll and therefore may have been more dependent upon heat energy 
than upon light energy. One of the effects of the presence of light was 
the production of phlorophyll-bearing forms, and these appeared at a 
comparatively early period. From that time on light has been a most 
important conditioning factor of organic existence. 

3. Water . — Water is the chief single constituent of living matter. 
It comprises more than 80 per cent of all living matter and more than 
95 per cent of some. Without it the living substance would be so modi- 
fied as to fail utterly to do its work. Water is the one universal sol- 
vent. Through its aid the chemical and physical operations of the 
living substance are made possible, as well as the maintenance of its 
peculiar architecture. The question may arise as to whether some other 
substance might not be substituted for water in the organic realm. No 
other substance has yet been found which as a solvent exhibits the prop- 
erties of diffusion, latent heat, etc., which render water especially impor- 
tant as a constituent of living matter. 

4. Carbon Dioxide . — There was a time when the earth^s atmosphere 
consisted chiefly of water vapor and carbon dioxide. These elements 
together formed the source of all the exceedingly large list of complex 
substances produced by living creatures, and they are the common end 
products of the breaking down of the constituents of protoplasm. 

5. Oxygen . — Oxygen is one of the most universally distributed of 
the elements. It enters into the composition of probably 60 per cent of 
ail inorganic chemical compounds and probably a much larger per cent 
of organic compounds. Oxygen and hydrogen together hold among the 
elements an unrivaled power to confer chemical activity wherever they 
may be. With these elements as the primary factors involved in metab- 
olism and forming an important part of the environment and of the organ- 
ism, living matter is enabled to make use of other elements as needed. 
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6. The Colhidal Condition, — ^The colloidal conditiGii of matter must 

have been Tealized early in the earth’s history. Lmng matter is not 
known in any but the colloidal condition, and there is good ground for 
believing that this condition is essential for the characteristic nianifes- 
tations which are included under the term life. It is this condition of 
matter which provides for change — ^for transforniatioii of energy — amidst 
a continuity of bodily It also provides for marvelous chemical 

and physical complexity of arrangement. It is in such complex struc- 
tures that it would be expected that there would be found those chemical 
and physical instabilities which would result in reactions such as are 
characteristic of living material. 

7. The Hydrogen Ion. — ^Living matter as it appears upon the earth 
today is much influenced by the reaction of the medium in which it lives. 
The concentration of the hydrogen ion is known to have a marked influ- 
ence upon the activities of many forms of cells. It is presumable that 
during many ages living matter existed in an environment of definite 
and only slightly changing hydrogen-ion concentration. Whether the 
living matter might have adjusted itself to some other concentration 
may be a matter of question, but it seems certain that the existing con- 
centration of the hydrogen ion in the sea is very nearly the optimum for 
very many forms of life. 

8. Special Conditions. — The environing conditions are not alike all 
over the earth. There are variations in the essential conditions which 
may act upon the living matter. Temperature, the concentration of 
inorganic substances in the water, the hydrogen-ion concentration, the 
amount of water available, the character of food supply, etc., vary from 
place to place. Some types of living matter have become adapted to 
the limitations of a definite and constant environment. Others have 
become adapted to some other environment. To make a sudden change 
from one environmental condition to another might prove fatal — but it 
may be possible to change from one to another slowly and by slight 
gradations. 

Origin of Living Matter. — ^There is, of course, no knowledge as to the 
exact time or method of the formation of living matter on the earth. 
Ideas regarding this origin must be controlled in a measure by ideas of the 
origin and formation of matter, of the solar system, etc. There can be 
no doubt that the existence of matter in the colloidal vstate is, UvS Graham, 
stated many years ago, associated with mutability and change. Colloids 
are in a d 3 mamic state as opposed to the static state of crystalloids. 

Benjamin Moore has made a carefully conducted series of experi- 
ments to determine whether the colloidal condition of matter can have 
played any important part in the origin of living matter. It is not 
possible to discuss his experiments in detail, but certain of his results 
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can be stated. He holds definitely to the idea that there is a type of 
energy, biotic energy, which he considers the energy of life in the bodies of 
living animals and plants. Biotic energy, if his idea be accepted — life 
processes, whether it be accepted or not — ^is primarily dependent upon 
the energy of sunlight. The fanciful idea of spontaneous generation, 
which provided for the appearance of organisms out of masses of decaying 
organic material, was long ago cast aside. No way was found to account 
for the first appearance of organic material, and yet at some time it 
appeared, Moore suggests a type of spontaneous generation of living 
matter which goes back to the very beginnings of life upon the globe. 

The first point to be emphasized in this connection is the fact that 
temperature is a factor which determined the complexity of chemical 
materials upon the earth. At the highest temperatures only individual 
elements can exist. At somewhat lower temperatures the oxides are 
able to exist. Lower still the saline compounds of the halogens and the 
carbonates can exist. It is only between 0 and 60°C. that many of 
the highly complex substances characteristic of living matter are able 
to exist in a normal condition. These temperatures permit the aggrega- 
tion of molecules not only into the form of complex substances, but also 
the molecules of some single substances become aggregated so as to form 
colloidal particles. The unit of structure in these cases has passed from 
the electron to the atom, and from the atom to the molecule. As the 
size of the unit of structure increases, the rapidity of movement of the 
unit decreases, so that there comes to be a condition in which the large 
molecules are in equilibrium with their environment. It is possible to 
imagine that with the increasing complexity of structure the equilibrium 
in the colloidal aggregates would approach the readily changing condition 
which is recognized as characteristic of living things. Moore suggests 
that as the complexity of structure increased, the nature of the equilib- 
rium in the colloidal aggregates would more and more approximate to 
that labile, easily destroyed, but also readily constructive condition which 
has been described as characteristic of all living things. So it is possible 
that the gap between the living and the nonliving can be bridged over, 
and a new idea of spontaneous generation is established, but occurring at 
a level far below anything of the .sort previously suggested among the 
inorganic colloids. And it must not be thought that this type of genera- 
tion was an event which took place millions of years ago, never again to 
be repeated, but rather that it has been a continuous process. Moore 
says: ^ ^ 

In this process of chemical eyplutipn up to the stage which we at the present 
day regard as living, it is to: be observed that as the non-living colloid becomes 
more and more complex, and, lacoprdmgiy more and more labile, it at the same 
time must become more and more stasceptible to the influence of external stimu- 


THM ' GENEEAL PHENOMENA OF "LIFE 


99 ^ 


ktion by different forms of energy.' This means that it must,; under such condi- 
tions that it can remain in equilibrium without decompositionj become more 
and more a machine for uptake and utilization of energy. The fact that the 
present basis of the system of living creatures in the world Is light energy leads 
to the view that at a certain stage in the development of colloids, probably long 
before the appearance of chlorophyll, the colloids began to be affected by light, 
and acquired the property of retaining and utilizing light energy for further 
deveiopment of structure, or, in other words, synthesis of more complex colloids. 

A second point of importance is the gradual increase in time periods arising 
as development progressed. The simpler a chemical reaction is, as a general 
rule, the more instantaneous it is; with increasing complexity the time phases 
grow longer. This, as stated previously, Graham observed in regard to coiioids 
which are infinitely slower in their reactions than crystalloids. 

The earlier stages in development up toward life would hence be rushed 
through rapidly and be easily and constantly reproducible. As complexity 
increased so would the time grow longer for any chemical evolution. A vastly 
increased time interval would be necessary for the evolution of a course of events 
from the commencing simpler organic conditions upwards in increasing com- 
plexity, and more especially the time necessary to reach any higher stage of 
organization de novo would be immensely increased on account of instability and 
tendency to break down again as different and more delicately balanced stages 
were passed. There would come in here the tendency of external conditions 
to stop the process at certain levels, and the steeper slopes of development would 
only be infrequently ascended until the establishment of something resembling a 
species, but still short of life, arose by a run over into a stable condition in one 
case out of many possible millions. This species of highly organized colloid 
could then more easily reproduce itself by inoculation into suitable material 
than by starting from simpler bodies ab initio^ and would form a fresh starting 
point for further deveiopment, just as at the stage of living things each new 
species would form a fresh point of departure. A labile equilibrium, stable and 
capable of reproducing itself so long as there existed examples of itself with suit- 
able conditions of material and energetic environment, would so be set up, but 
would require a long period of time for redevelopment if once the type were lost. 

In any search for synthesis of colloids up towards living structures we must 
accordingly turn to a new field, and begin searching for coiioids susceptible to 
light or other forms of external energy, and look for evidence of building up in 
colloidal complexity and colloidal synthesis under input of energy. 

In order to test his hypothesis Moore has made a series of carefully 
conducted experiments, as the results of which he found that organic 
matter (aldehyde) could be synthesized from inorganic colloidal uranic 
and ferric hydroxides in very dilute solution. These colloids are capable 
of acting as catalysts for light energy, converting it into chemical energy 
in a reduction process similar to the first stage of synthesis of organic 
from inorganic substances in the green plant by the agency of chlorophyll. 
Such a synthesis as this is looked upon by Moore as probably the first 
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step in the origin of life. The process of evolution of simple organic 
substances having been once begun, it seems probable that substances of 
more and more complex organic nature would arise from these with addi- 
tional uptake of energy. 

Later, organic colloids would be formed, possessing metastable properties, and 
these would begin to show the properties possessed by living matter of balanced 
equilibrium, and up and down energy transformations, following variations in 
environment. 

Moore found also that: 

. . . dilute solutions of nitrates exposed either to sunlight or to a source of light 
rich in light energy of short wave lengths undergo conversion of nitrates to 
nitrites. Eain water which has been standing for some time contains nitrates, but 
no nitrites. If, however, such water is exposed to bright sunlight or ultraviolet 
light for some time, strong reactions for nitrites can be obtained. FresUy col- 
lected rain water or dew always contains a mixture of nitrates and nitrites. These 
come undoubtedly from the air. Distilled water which has air bubbled through 
it for some time will be found to contain both forms of oxides of nitrogen. These 
substances may be formed through the action of sunlight in the upper regions 
of the atmosphere upon air and water vapor. 

Moore attributes these actions to condensations of the reacting sub- 
stances upon the colloidal interfaces. He calls attention to the fact that 
the primeval living thing, like the inorganic colloidal systems which 
had preceded them, must have possessed the power of fixing carbon and 
oxygen and of building up these substances into reduced organic com- 
pounds with uptake of energy. This power is still possessed by the lowli- 
est type of synthesizing cells existing, viz,, those of the unicellular 
algae. Moore refers to the fact that the earliest products of photosyn- 
thesis, such as formaldehyde and met hylic alcohol, are highly poisonous 
to the green cells; but fed to them in sufficiently high dilutions can be 
used as food in the absence of carbon dioxide. Very marked growths 
have been obtained with these substances as the sole source of carbon. 
It was also found that in the absence of all other sources of nitrogen save 
the elemental nitrogen of the atmosphere, but with abundance of carbon 
dioxide, the unicellular algae can fix nitrogen, fix and grow proteins. 
The rate of fixation and growth is, of course, accelerated if nitrites or 
oxides of nitrogen are present. These may be supplied from the atmos- 
phere, especially in spring and summer. 

In 1921, Professor Baly and his coworkers found that a nonvital 
synthesis of formaldehyde was effected by exposing a mixture of water 
and carbon dioxide to light of very short wave length, obtained from a 
mercury vapor lamp. Free oxygeh w;as liberated. Under the influence 
of light of somewhat longer wave length the molecules of formaldehyde 
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combined to form sugars. Baly was also successful in bringing about 
the union of nitrites with formaldehyde. 

Life.— It is customary to associate the term Zi/e with the activities 
which are most familiar, such as the daily occupatioris, etc. Upon close 
examination, it is found that the term is not to be limited to the human 
being alone, but that there are a vast number of animal and plant forms 
which exhibit phenomena that are to be included under the general term 
life. It is found also that these phenomena are associated only with 
living matter. Life apart from the Imng substance is not known. 
All living bodies are found to exhibit these vital phenomena, and it is 
the presence of these phenomena which distinguishes living from non- 
living matter. 

A number of definitions of life have been formulated, none of which 
tells all that it is desired to include in such a definition. Spencer defines 
life as ‘Hhe continual adjustment of internal relations to external condi- 
tions.’^ This misses the point, because it omits the fact that life is known 
only as a quality of and in association with living matter. 

Another definition reads: 

Life is the principle of animate corporeal existence; the capacity of an animal 
or plant for self-preservation and growth by the processes of assimilation and 
excretion, the permanent cessation of which constitutes death; that state of an 
animal or plant in which its organs are in actual performance of their functions 
or are capable of performing their functions, though the performance has not 
yet begun, or has begun but incompletely; or has been temporarily suspended; 
vitality. 

Still another author defines life as not the sum of qualities of the 
chemical elements involved in the composition of protoplasm, but a 
function of the peculiar architecture of the mixture and then of the high 
complexity of the compounds contained in the mixture.” 

Among the more recent attempts to define life are the following 
statements: 

^^The essence of being alive consists in organization rather than in 
specific substance” (Mast). 

“Life IS a balanced state with fluctuations on either side of a mean, 
regulated by metabolic processes” (Kime). 

“The term protoplasm does not designate a single substance but is a 
collective name for the sum total of the active components that cooperate 
in the work of a complex system: and life is the sum total of the activities 
of that system” (Wilson). 

“Life is a dynamic molecular organization kept going and preserved 
by oxygen and oxidation; while death is an irreversible break-down, of 
this structure, always present and only warded off by the preserving 
action of oxidation” (Donnan, quoted from Hill). 
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It is to be noted that none of the definitions of life is wholly satisf3dng. 
This may be in part because so little is still known as to the actual nature 
of the living substance. The colloidal nature of the living substance 
has been emphasized because it seems plausible to believe that a thorough 
understanding of the colloidal condition will teach many things concern- 
ing the behavior of living matter. It has been stated that “life is a new 
factor or a new set of potentialities introduced into inanimate matter. 
It is a new creation/’ Whether it be just what is expressed in this quota- 
tion from Alexander Findlay, it can be truly said that it is a different 
manifestation of energy transformations from any which are seen in 
the inorganic realm. It may be that Findlay is right when he says that: 
“We cannot explain life in terms of physical science/’ At least, the 
attempt should be made. 

A reasonably stated view of the modern conception of life has been 
given by Donnan. He points out that physiological investigation has 
shown much of the freedom and spontaneity of life to be more apparent 
than real. The living being neither destroys nor creates energy; it 
obeys the physical law of the conservation of energy. Nor is a living 
thing a magical source of free energy or spontaneous action: Its life and 
activity are ruled and controlled by the amount of free energy in its 
immediate environment, and it lives and acts by virtue of this, i.c., it 
obeys the so-called second law of thermodynamics. Yet there is more 
than this in life: The unit of living matter, the cell, builds up a whole 
which is greater than its parts. Whether the understanding of the specific 
finalistic manifestations of this whole will be explained on present-day 
hypotheses or may demand the hypothesis of some new form of energy, 
the understanding will ultimately consist in something that permits of 
exact measurement and of precise expression in mathematical form, even 
though for the latter purpose a new form of mathematics may have to 
be invented. 

Mechanistic and Vitalistic Conceptions of Life. — ^While it is not the 

purpose here to enter into any philosophical discussion of the relative 
merits of these two views as to the nature of vital processes, the fact 
should be borne in mind that investigators of vital phenomena have 
not agreed in their explanation of these phenomena, and have finally 
come to be lined up in two more or less hostile camps, which may be 
termed the vitalists and the mechanists. 

The mechanist looks upon the organism as a physicochemical machine, 
rather simple in structure and controlled by forces acting upon it from 
without. Being a machine, it must be controlled by definite physical 
and chemical laws, as are other machines. Under definite internal and 
external conditions the reactions of the machine are considered definite 
and predictable, just as the runfnng of ' aiiy inorganic machine is definite 
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and ..predictable under fixed ■ internal and external conditions. . The 
macMne itself is considered subject to modification through forces acting^ 
upon it from without and through metabolic processes. When the 
macMne becomes thus modified, its responses are modified, ie., the 
machine ' is now a different machine from that which it was ' before 
the modification and hence must respond in a different way to the 
external conditions or forces acting upon it. 

To the vitalist the organism is a machine plus certain unknown factors. 
The organism is controlled, in part at least, from within, but is subject to 
influences and forces outside itself. The reactions of an animal or plant 
are considered problematical because we are not (and cannot be) in a 
position to know all of the factors involved in any response to outside 
stimulation, or to know all the conditions existing in the macMne itself. 
According to this conception the organism is supposed to be a very 
complex machine and to involve unknown as well as known forces. 
Consciously or not, this conception tends to invoke anthropomorphic 
explanations of behavior of various sorts. Pleasure and pain as experi- 
enced by lower animals, for example, are likely to be interpreted in terms 
of human sensations. 

The Duty of the Scientific Observer. — It is the duty of the trained 
scientist to explain vital phenomena in terms of known physical and 
chemical materials and laws, in so far as it may be possible to do so; also 
constantly and consistently to endeavor to extend the explanation of 
vital activities according to known laws and forces and not to invoke an 
unknown in order to make an explanation. It is undoubtedly true that 
scientists have not yet gone so far in the possible analysis of vital processes 
as the present knowledge of physics and chemistry has made possible. 
In view of the probability that still greater advances are to be made in 
physical and chemical research, it seems too soon now to say that some 
vitalistic explanation of vital phenomena must be relied upon. 

The natural tendency of the vitalist is to announce that the mysterious 
can never be explained. He fails or refuses to use the tools at hand in 
the effort to carry explanations of natural — and vital — ^phenomena as 
far as possible. It should be the task of the vitalist — even more than of 
the mechanist — to determine the limits of physicochemical explanations 
of vital phenomena. 



CHAPTER VII 
THE TRANSPORT SYSTEM 
A. STRUCTURE OF INTERNAL MEDIA 

It has already been shown that because of new demands upon the 
cells of the body they have come to be differentiated in a variety of ways, 
and that, when they have assumed these differentiated forms, they are 
in a position to be of some special service to the cell community of which 
they are a part. 

The Internal Medium and Its Circulation,— When the way in which 
the individual ceils of the body are to get their food supplies and their 
oxygen supply and to get rid of their wastes is studied, it is found that 
they have not been able to do very much in the way of modifying the 
original method of taking in these needed substances through the cell 
membrane. As will be seen a little later, there has been a modification 
of a certain sort, but there has not been any elimination of the cell mem- 
brane as the organ through which such intake must take place. Proto- 
plasm is a solution. Each cell surrounded by a membrane must have its 
food substances, etc., brought to it in soluble form, for it is only in this 
condition that absorption through the membrane can take place. While 
the fact that the necessity of food and oxygen absorption through the 
cell membrane has remained unchanged through a long racial history, 
there has been a decided evolution in the character of the liquid serving 
as the fluid medium of the animal body. In this particular the animal 
has shown a marked advance over the plant, for the highest plants even 
yet make use of the type of internal medium which is to be found only in 
the more lowly animal organism. 

The Need for a Circulating Medium. — The need of a special internal 
medium becomes apparent when the significance of the fact is considered 
that no new way of getting food or oxygen into the cells except by diffu- 
sion through the cell membrane has as yet been elaborated. In any 
considerable colony of cells it is impossible that all should be superficial 
in position and thus able to take from their immediate environment the 
things needed for their upkeep. Nor is it possible to provide a sufficient 
supply of food or oxygen to the inher-l3dng cells of a mass because of 
the constant absorption and consumption of the food materials by the 

The protozoadllustrate the simple case in which single cells surrounded 
by their natural medium, water, in which oxygen is dissolved and in 
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wMchi imnute food particles are floating, mox^a about from place to place 
and continually bring their bodies into a new food environment. The 
more highly organized animal with more cells to feed is frequently much 
limited in its movements and hence deprived of a surrounding medium 
as rich as that of the protozoa. At the same time the more highly organ- 
ized animal with its larger number of cells is in need of greater supplies 
of food and oxygen than the protozoon would demand. There is a need 
for much greater efficiency in the distribution of the food matter that is 
available. As the deeper-lying cells of the organism are the ones espe- 
cially to suffer from lack of food and oxygen and from the accumulation 
of wastes, various means of bringing these cells into contact with a 
richer supply than might otherwise be theirs have been evolved. If 
the organism is not too large, simple invaginations of the surface may 
suffice to bring the deeper-ljdng cells into close association with the 
external medium. In a great many cases this is insufficient and an 
internal fluid is employed to bathe the inner- and deeper-l 3 dng cells and 
thus provide them with their needed building materials. Such a fluid 
may run in more or less definite channels, as blood-vascular systems or 
lymphatic systems, or may occupy all of the space within the body not 
occupied by definite organs, and may simply wash about as the move- 
ments of the animal determine. The formation of a definite system of 
tubes, in which a liquid may circulate from one part of the body to another 
in connection with various in vaginate portions, seems to form the best 
possible arrangement for an efficient distribution of food materials in 
the animal body. Dahlgren and Kepner have discussed the nature of 
such systems and have shown, in Figs. 130, 132, 133 of their Histology,^* 
diagrams which will be very instructive in this connection. 

Classification of Circulating Media. — The circulating media of various 
types of animals may be divided and classified as follows: 

1. Hydrolymphj a watery fluid carr 3 ring nutriment to organs and 
tissues, and removing wastes. This fluid sometimes contains no food 
matters in solution, though it may hold them in suspension, or in some 
cases it may contain dissolved proteins or their products. As a rule, 
it has no respiratory function, though in certain cases the fluid may con- 
tain respiratory proteins and so function as an oxygen carrier. 

2. Hemolymphy a circulating medium less watery than the hydro- 
lymph and also containing a richer supply of proteins. It is not only 
nutritive in function but also frequently respiratory in character because 
of the contained respiratory proteins, and corresponds to both blood and 
lymph of higher organisms. 

3. Bloody chief circulating fluid of the higher animals. The blood is 
the most highly differentiated and complex circulating medium found in 
the animal kingdom and will in the highest forms fulfill all the functions 
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suggested below as applying to blood- Between it and the water found 
in gastral cavities of sponges and coelenterates there exist all possible 
gradations of complexity of structure and composition. In the lower 
forms the fluid is simply a thin, watery solution. In the highest forms 
the medium takes on the character of a tissue, involving the presence of 
different types of cells embedded in a very fluid and chemically complex 
matrix or intercellular substance. 

4. Lymph, a liquid derived from blood through dialysis from the cap- 
illary blood vessels, containing white corpuscles, and also proteins and 
other nutritious substances in solution. 

The Functions of Blood. — ^The blood of any organism serves a variety 
of functions, and while the functions which are mentioned in this list 
may not all be found to apply in some particular case, they do apply 
generally. They are : 

1. To carry to every part of the body the materials needed for its 
sustenance, 

2. To carry away from the region of living cells any waste matters. 

3. To carry hormones and internal secretions, substances whose func- 
tion it is to influence coordination of various parts of the organism or to 
serve as a control of the metabolic processes of various parts of the body. 

4. To protect the body in case of invasions by microorganisms. 

5. To protect the body by reducing to a minimum the possible loss of 
blood when the vessels which form the natural channels are injured. 

6. To furnish for the tissues of the body a solution containing the 
salts needed for the protection of the cells of the body in a physiologically 
balanced condition. 

This summary of the functions indicates what is understood to be the 
functions of the blood of the higher animals. It must be remembered 
that blood function as well as blood structure has been subject to the evo- 
lutionary process. It is doubtless true that in this, as in all other parts 
of the organism, there has been a gradual development and that the blood 
of the higher animal is functionally, as well as structurally, much more 
perfect than that of the lower organisms. 

The Quantity of Blood in the Body. — ^The quantity of the circulating 
fluid in the bodies of various animals varies greatly, depending somewhat 
upon the natural habit and degree of evolution of the species concerned. 
In general, it may be said that in those forms in which the circulation is 
sluggish the proportion of body fluid to body weight is large. This is 
particularly true in the case of the invertebrated animals. The more 
active animals, in which there is a more efficient circulation of the blood, 
require less fluid to meet their needs. The advantage to the animal of 
being able to reduce the anctount of fluid to be carried about, and so 
the total weight, must be evident. 
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Various metliods have been devised to secure accurate data as... to 
the amount of blood in animal bodies. Welcher^s method .consists in 
first bleeding the animal as completely as possible, weighing the quantity 
of blood thus obtained, afterwards washing out the' Mood .vessels with 
water, and estimating the amount of blood contained in the washings 
from the amount of hemoglobin contained in them. . 'Grehant, and Hal- 
dane and Smith have devised methods based upon the power of the Mood: 
to absorb carbon monoxide. From the results of determinations upon 
various animals it is .stated that the percentage of body weight repre- 
sented by the Mood is as follows: 


Per Cent 

Dog 7,7 

Cat... 5.0 

Rabbit ' 5.0 

Birds. 10.0 

Man. 5.0 


In any given species the amount of blood holds fairly constant, but is 
subject to variations through anemia, obesity, etc. 

In order satisfactorily to understand the functions and significance 
of the bloods of the higher animals one must trace the gradual develop- 
ment of the body fluids from the very simple conditions existing among 
the lower forms to the highly complex bloods of the higher forms. In 
the case of the lower metazoa there is simply an appropriation by the 
organisms of portions of the fluid medium in which they live. This fluid, 
with little or no modification, serves as a medium of transport for the 
body. Gradually, as one traces upward along the phyletic series, ani- 
mals are found which substitute for this rather inadequate circulating 
medium, fluids elaborated by themselves, more capable of carr3?ing oxy- 
gen and carbon dioxide, and containing also many substances useful in 
the animal body but which do not appear at all in the body fluids of the 
lower forms. 

Protozoa. — ^The normal nourishing fluid for the protozoan is the water 
in which it lives. This may be either fresh, brackish, or salt. This 
water contains the floating food particles upon which the protozoan feeds, 
contains the oxygen necessary for carrying on its body processes, and 
serves also as a medium for the disposal of wastes. 

Metazoa. — In the lower metazoa the water in which the animals 
live is the medium, with little or no modification, which supplies food and 
oxygen to the organism and to the cells composing it. This is especially 
true as concerns the sponges and the Coelenterata. Among the sponges 
it is clear that the liquid passing through the incurrent and radial canal 
systems can be nothing more than water charged with the occasional food 
particles upon wMch the animals litre* This water is kept in motion by 
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means of flagellated cells lining the cavities of the sponge bodyj and is 
taken into the body and passed through and out in a comparatively short 
space of time. As the water passes through the canal systems, food 
particles are taken from it and certain body wastes are added to it. No 
cellular elements, such as corpuscles, are to be found in it. 

Coelenterata. — ^Among the Coelenterata there is to be found a series of 
conditions somewhat more advanced than among the sponges. No true 
blood or lymph is to be found. Water is taken into the gastric cavity 
through the mouth and allowed to circulate slowly and irregularly through 
the cavities of the body, being sent from place to place by the ordinary 
movements of the body assisted by the action of certain flagellated cells 
lining the gastral cavity. The liquid taken in through the mouth is water 
plus the few bits of food captured by the animal. Few, if any, corpuscles 
are to be found in the Coelenterata, though in some of the higher forms 
free-floating cells have been described. These may or may not be com- 
parable to the corpuscles of higher invertebrates. Many of the cells are 
well formed and contain nuclei; others are exceedingly rudimentary in 
appearance. It is undoubtedly true that the process of digestion which 
takes place in hydra and many of its relatives is, for the most part, intra- 
cellular. Very little, if any, digestion takes place in the gastral sac. 
Among some of the higher Coelenterata it appears that the fluid in the 
gastral sac and circulating though the cavities of the animal is richer in 
food materials than the water in which they live. It appears to be in 
some cases a somewhat richer suspension of proteins and other food sub- 
stances and may occasionally actually contain partially digested matters 
which wash about in the gastral cavity before being absorbed. The 
question as to what extent extracellular digestion may take place will 
be discussed in another place. There is nothing in the nature of fibrin 
to be found in the circulating fluids of the Coelenterata and there is no 
power whatever of clotting. It must be evident that where the circulat- 
ing fluid is in direct communication with the exterior, as it is in these 
forms, there can be no opportunity for the building up and maintenance 
of a richly nutritious vascular fluid. 

Echinodermata. — ^Among the Echinodermata there is a marked 
advance in the nature of the circulatory apparatus and as well in the 
nature of the circulating fluid. The discussion of the apparatus may well 
be left until a later time. The fluids circulating in the bodies of the 
Echinodermata occupy the general body cavity or coelom, the radial 
blood vessels, and the water-vascular system. The liquids of the coelom 
and the radial blood vessels are in direct communication — areally form 
one solution, which is being constantly enriched by the digested and 
absorbed food materials diffusing through the walls of the alimentary 
organs. This fluid also receives oxygen from without through the respir- 
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atory papillae j and through them gives off ..car l3on dioxide to the sea 
water. The earlier investigators in this field believed that the content 
of the vrater-vascular system was simply sea. water. More recent studies 
have shown that this is not the case, but that the liquid is somewhat 
more dense, less transparent, and contains a small amount of albuminous 
material. The liquid is usually colorless, though sometimes colored 
reddish or yellowish, and contains some amoeboid cells. Nuraeroiis 
rounded granules, nonceliular in character, are also found. In some 
of the hoiothurians, crystals of calcium carbonate are found in the liquid 
of the water- vascular system. The body fluid, hydrolyniph or blood, of 
Echinodermata shows a similar content to that stated for the water- 
vascular system, except that it is somewhat richer in albiiniin. It is a 
matter of some difficulty to obtain pure blood from the blood vessels on 
account of the technical difficulties in the operations involved, but when 
successful, the blood is usually found to be colorless, though occasionally 
rose color, yellow or brown, and of a slimy consistency. If one attempts 
to squeeze blood out of the blood vessels there exudes a brownish fluid, the 
color of which is apparently derived from the broken cells of the walls of 
the blood vessels. In Thyone, hemoglobin ocems in small, very numer- 
ous corpuscles. 

The body fluid of the holothurian Caudina chilensis is wine-red in 
color and turbid. It contains numerous erythrocytes (150,000 per cubic 
millimeter), some amoebocytes, and a few crystals of calcium carbonate. 
At 22°C. its specific gravity is 1.03, and its pH ranges from 7.5 to 8.2. 
The freezing point of this body fluid is — L875'^C., when that of the 
surrounding sea water is —1. 885*^0. The body fluid contains the same 
minerals as the sea water, but the salts are less abundant, especially those 
of sodium and magnesium. The body fluid of Gaudina resembles that 
of the sea urchins in that it contains less chloride ion than sea water. In 
other hoiothurians the chloride ion equals that of the sea water. 

The body fluids of the echinoderms have a greater acid combining 
capacity than sea water; their alkali combining capacity is not different 
from that of sea water. This must be, in the absence of protein, due to 
nonprotein nitrogenous substances. When protein is present, the buffer 
capacity is increased, but this increase is not proportional to the increase 
in protein. In comparison with this it may be mentioned that octopus 
plasma, although of higher protein content than that of warm-blooded 
animals, has less buffering power. The plasma of the tunicates approxi- 
mates the buffer capacity of the sea water. Sipunculus plasma, with the 
same protein content as that of octopus, has greater buffering power. 
The exception noted in the tunicates is very likely due to the presence 
of free sulphuric acid. The acid- and base-binding properties of plasma 
of different classes of animals are not parallel. 
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Even in a form as far down the animal scale as the echinoderm Arhacia 
punctulata, there is noted a considerable degree of differentiation and 
specialization among the cells found in the body fluid. Such cells, classi- 
fied according to their staining reactions, fall into four groups: 

1. Leucocytes with nongranular cytoplasm, without specific reaction. 

2. Amoebocytes with colorless spherules, amphophilic to basophilic. 

3. Amoebocytes with red spherules, strongly acidophilic. 

4. Amoebocytes with yellow spherules, faintly acidophilic. 

The ^^amoebocytes witla colorless spherules’’ are inferred to be genet- 
ically related to the leucocytes of the other groups. The cells of group 1 
ingest food particles in the intestinal wall: the food droplets apparently 
coalesce to form spherules of the size and nature of the colorless spherules 
(group 2). These corpuscles always appear in regions of food ingestion. 
The '^red spherules” of group 3 mark a late stage in the digestion of the 
colorless spherules. These spherules are much smaller than the color- 
less spherules, the cells containing them appear abundantly in the peri- 
visceral fluid and from it migrate into the test and may degenerate in or 
upon it. 

Worms. — Among those animals commonly grouped under the term 
worms, there is a wonderful variation in the form of the vascular appara- 
tus and such a difference in the fluid found circulating throughout the 
body that it seems little less than ludicrous to include them all in one 
group — even for the sake of convenience. 

Platyhelminihes , — ^Among the Platyhelminthes, including the Tur- 
bellaria, Trematoda, and Cestoda, there is no definite vascular appara- 
tus, Such circulation of body fluid as occurs consists in the washing 
back and forth through the parenchyma of the body of small amounts of 
fluid which has dialyzed through the walls of the gastric cavity. The 
digestive cavity in its varied ramifications is the nearest approach to a 
circulatory apparatus, and if the lead which has been given in Coelen- 
terata is followed, it might be spoken of it as a gastral-vascular cavity. 
In this there is washed back and forth a liquid containing more or less 
digested food materials, which gradually pass through the walls of the 
cavity by dialysis and come to bathe, in the form of l 3 miph, the tissues 
of the general body structure. This fluid, coming from the very much- 
branched gastrovascular cavity, undoubtedly reaches all the cells of the 
body. 

Nemerteans . — ^Among the nemerteans there is found a closed system 
of vessels, a dorsal and two lateral vessels which unite anteriorly and 
posteriorly and have also numerous cross-communicating branches. 
These vessels appear to be the remnants of a coelom. The blood which 
occurs in these vessels consists of a colorless plasma in which float a 
few corpuscles containing nuclei and which may contain hemoglobin. 
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The Nemathelmiiitiies.. show no.Tasciilar system, 
at all. There is a space between the endoderm of the gut and the muscu- 
lature of the body wall which, while not. a true coelo.m, contains a clear 
fluid derived fro.m the gut and 'probably .acts as blood in these forms. 
There are few, if any, corpuscles to be found. 

■Oligochaeta and Polychaeta . — ^Among the' higher wo.riiis, the.Oligo- 
chaeta and the.,PoI,ychaeta, nLOt only are there more elaborate systems for 
the. circulation' of the blood than appear in the lower .forms, but the 
fluids,. themselves are more highly developed. In These :. higher forms 
there are, two distinct fluids which remain separated. 0,ne is the so-called 
coehmic fluid, found in the space between the gut and the body wall, and 
the other is a hemolymph, found in a series of closed tubes commonly 
referred to as the blood vessels. There is a very interesting di\dsion of 
labor between these two fluids. The coelomic fluid receives from the 
gut the food materials as they diffuse through the walls and conveys 
these food materials to the various cells of the body. It also receives 
from the active cells of the body the various metabolic wastes and conveys 
them to the nephridia, through which they are eliminated. This coelomic 
fluid may be said to correspond to the lymph of the higher animals which 
bathes the individual cells of the body. It contains numerous corpuscles 
of varpng forms. The corpuscles are all unpigmented and may be 
amoeboid cells, cells with numerous, more or less permanent processes 
developed upon one side, or star-shaped cells. Occurring in the body 
fluid of some of the Oligochaeta are certain giant cells known as eleocytes. 
These are filled with fat granules. Under certain conditions they form 
numerous pseudopods. Mechanical irritation with dissecting needles 
causes a coagulation of the protoplasm. . 

The fluid in the closed system of tubes is apparently a solution of 
hemoglobin. Few, if any, cells occur in this fluid, and it seems never to 
leave the system of tubes in which it is formed. The red fluid corre- 
sponds to the red blood corpuscles of the blood of the higher animals and 
serves as the carrier of oxygen to the various cells and tissues of the body. 

Milne-Edwards was much impressed with the lack of colored cor- 
puscles in the blood of the worms and other invertebrates and contended 
strongly that animals must not be classified as to whether they have red 
or white blood, but into two main categories: those which have in their 
blood colored corpuscles, and those which have not. In the main, this 
distinction agrees with the morphological separation of the invertebrates 
from the vertebrates. Certain exceptions will be noted. Eouget opposed 
this form of classification and showed; that several classes of animals 
among the invertebrates possess blood containing colored cells circulating 
in a closed system of tubes. Among; the cases cited are some of the 
sipuEculid worms, the Cephalopoda 'i?pid''ascidia. In all fairness it 
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should, of course, be stated that the colored cells found in these forms 
are hardly to be considered as typical colored corpuscles such as are 
found among the vertebrates. They are nucleated cells which contain 
a sm all amount of colored material in the cytoplasm, more or less col- 
lected into a drop or vacuole at one side of the cell. 

The color of the blood plasma in the case of the worms is subject to 
a considerable amount of variation. The red color of the blood of the 
segmented worms has been known for a long time. Cuvier even tried to 
make a classification based upon the presence or absence of red blood. 
This was later found not to be at all practical. Worms which are com- 
paratively near relatives vary in the color of their blood, and it has been 
found that even within the limits of the same genus there may be a varia- 
tion of color. Therefore, for the purposes of classification, blood color 
can hardly be considered significant. The reasons for this variation in 
color will be suggested in the consideration of another group, and while 
the reasons there offered may not prove to be the only reasons worthy of 
consideration, they will, it is hoped, at least be suggestive. 

Crustacea. — ^Among the Crustacea, as among the worms, there is 
great variety in the degree to which the vascular system and vascular 
elements are developed. In such an account as this it is not necessary 
to outline the conditions actually existing in any large number of forms, 
but to point out the conditions existing in a few cases which may be con- 
sidered typical of the group. 

Our understanding of the corpuscles of the crustacean blood goes back 
to the work of Hewson (1870), who described the colorless amoeboid cells 
which pile up in clumps when the blood clots and which hold themselves 
in the clot by means of very long processes. 

Later Hardy made interesting observations upon the blood cells of 
Daphnia. The body of Daphnia is so transparent that it is possible to 
see clearly and to follow the movement of the blood cells in the living 
animal. Corresponding to the archaic type of the animal structure, 
there is in Daphnia no trace of differentiation among the blood cells but 
all are one and the same t3rpe of amoeboid cell. Hardy recognized that 
these cells are exceedingly sticky. At times they are of so clinging a 
habit that almost all of the corpuscles in an animal wiU be found to be 
adhering to the walls of the blood vessels, and almost none in the blood 
stream. They have the power to crawl about from one place to another, 
and act in many respects like amoebae. If an animal is stimulated 
there is an aggregation of blood cells at the point of stimulation. A slight 
local stimulus is sufficient to cause a large number of the amoeboid cells 
to become fixed in the neighborhood of the stimulated part. Here is 
evidently a very marked display of the property of irritability, the 
stimulus so far as the corpuscle are concerned being some chemical 
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substance thrown off from the stimulated tissue. This habit of aggre- 
gating may possibly be a forerunner of the property of agglutination found 
very highly developed among animals higher in the animal kingdom. 

Hardy also made an interesting observation upon the supposed role 
which the blood cells play in the process of digestion. The yolk of an 
egg was emulsified with water and by means of a pipette was brought 
into the bottom of a vessel in which Daphnia were swimming. Most of 
the animals, through the movements of their appendages, kept themselves 
supported in the water, but a considerable number sank for a short time 
into the emulsion. A careful examination into these individuals which 
sank to the bottom of the dish revealed the fact that there was a very 
considerable absorption of fat by the intestinal epithelium, and after 
10 to 12 hours a large amount of fat was found in the blood cells. It 
was also found that when carmine was placed in the bottom of the dish 
containing the Daphnia there was a considerable absorption of carmine 
by the lining cells of the intestine, and later the carmine appeared in the 
blood cells. It has also been noted that in the breeding season there is 
regularly, in well-nourished individuals, a storing up of fat in the blood 
cells. This has been explained upon the supposition that the egg pro- 
duction calls for a large amount of fat building on the part of the individ- 
ual and that the blood cells act in the capacity of carriers of fat from 
one portion of the body to another. It appears to the author more 
likely that the blood cells are acting in this case in the nature of scaven- 
gers and that because of the large amount of fat present in the body 
they become filled with it as they would with any foreign substance. 
Incidentally, it might be suggested that Daphnia may furnish an excel- 
lent form upon which to work out the mechanics of fat absorption, and 
to test out the various theories as to how fat digestion and absorption 
actually take place. 

Hardy also made observations upon the blood cells of the crayfish 
Astacus. In this form he recognized two types of cells both of which 
appeared to correspond to white cells of vertebrates. One type consists 
of eosinophil cells whose protoplasm is covered with numerous, usually 
large, strongly refractive granules. The second t 3 p)e consists of ceils 
which are remarkable for their sensitiveness; they burst upon contact 
with a foreign body, such, for example as the cover glass. Hardy caUs 
these explosive corpuscles. The blood of the crayfish contains about 250 
ceils per cubic millimeter, of which Hardy estimated the explosive cells 
to constitute about 75 per cent. 

A more recent investigation by Tait shows that in Astacus there are 
really three types of cells: 

1. Hardy’s explosive corpuscles, which constitute from 40 to 50 per 
cent of all of the blood cells. They narrow, elongated spindles, the 



114 


TEXTBOOK OF COMPABATIVE PHYSIOLOGY 


cytoplasm of which runs out into two pointed extremities. As the cells 
roll across the field of the microscope, they can be seen to be distinctly 
flattened in one direction, the centrally located nucleus bulging outwards 
on both sides like the nucleus of the frog’s erythrocyte. The protoplasm 
of the cell is hyaline, and the cell is pale and inconspicuous. 

2. TMgmocytes . — These constitute from 20 to 25 per cent of the blood 
cells. They are at the first very much like the explosive corpuscles, but 
differ from them in the fact that they do not so readily cytolize. After 
being shed upon a glass slide the thigmocytes quickly suffer extensive 
changes in appearance. Within a minute they become bluntly oval in 
outline, and the surface of the corpuscles becomes studded with small 
vesicles. From the spaces between the vesicles there are shot out 
extremely fine-pointed processes of clear ectoplasm, which pass directly 
outward from the cell in contact with the glass. These increase in length, 
and the corpuscle assumes a prickly appearance. The processes con- 
tinue to move outward, and the cydioplasm in the clefts between them also 
advances so that the whole corpuscle becomes spread out into a very thin 
film. This film becomes very inconspicuous, and the boundaries of it 
can be made out only by the most accurate focusing. There seems little 
doubt that the mechanism involved in this spreading movement is that of 
capillary attraction. The cell is unstable in contact with the glass, and 
so expands until the spreading movement is stopped by the internal 
resistance of the structures of the cell. The thigmocyte has no power to 
change its position or to retract its protoplasmic processes. The cell 
does not remain permanently in the condition described, but sooner or 
later undergoes a definite cytolysis. 

3. Amoebocytes . — ^The amoebocytes are the largest cells to be found 
in the crustacean blood and constitute about 30 per cent of the total 
blood cells. Their striking appearance, due both to their very large size 
and to their very granular condition, has resulted in their careful study 
by several investigators. They vary more in form than do the corpuscles 
of the other groups and have been seen to undergo changes of form even 
while suspended in solution, away from contact with any solid body. 
They are true amoebocytes. The phenomena of spreading are not so 
extreme as in the preceding group, and when the cell processes are 
extended, they can be withdrawn. There appears to be something of the 
nature of a cytotaxis existing between the corpuscles of this group, for 
when two cells come to lie near each other, they are quite likely to move 
toward each other and finally to adhere. 

The blood of the isopod oceamca was first described by Hardy, 
whose observations have since been confirmed by other authors. He 
found three types of cells which he called eosinophil cells, basophil cells, 
and explosive corpuscles. The functions which these last play in the 
coagulation of the blood will considered in another place. 
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Molltisca.— The blood cells of Anodonta include large amoebocTtes, 
their processes being long, filamentous pseudopodia arising in large 
numbers on one side only of the cell. At other points of the surface of 
the cell large lobose pseudopodia may be formed. Other cells, nearly 
spherical in shape, with few processes of any sort, and having large nuclei 
are also found. 

De Bruyiie recognized seven different types of corpuscles in the blood 
of lamellibranchs. He used as his forms for observation Mytilus, Ostrea, 
IJnio, and Anodonta. It seems to the author doubtful whether the blood 
cells of the lamellibranchs exhibit such differentiations as to warrant De 
Bruyne^s classification. 

In the iamellibranch Cardium norvegicum, Drew was able to recog- 
nize only three types of corpuscles, all amoebocytes. These are: 

1. Finely granular eosinophil corpuscles. These are the largest to be 
found in the blood of this form. They are supplied with large, round, or 
oval nuclei, have a relatively large amount of protoplasm containing 
numerous, very small eosinophil granules, located chiefly around the 
nucleus. The large pseudopodia are free from granules. These cor- 
puscles constitute about 48 per cent of the cells of the blood. 

2. Coarsely granular eosinophil corpuscles. These are similar to 
the above but are slightly smaller and have large granules. They con- 
stitute 44 per cent of the blood corpuscles. 

3. Basophil corpuscles. These are smaller than those mentioned 
above and have their cytoplasm supplied with granules which stain 
with the basic dyes. They constitute about 8 per cent of the blood 
cells. 

The fluid in the pallial sinus of the clam Anodonta cygnea is a colloidal, 
weakly alkaline medium, has a pH of 7.85-8.06, with a high buffer value, 
and contains many large cellular elements. Physicochemical tests show 
that this fluid is identical with the blood. Through the pallial sinus fluid 
the blood is in close contact with the surrounding water, regulating the 
gaseous interchange through its buffering value. The pallial sinus fluid, 
being isosmotic with the blood, surrounds the delicate tissues of the 
mollusks with a layer protecting them from the injurious conditions of 
the environment. Sphaerium corneum can live for 46 days under anaer- 
obic conditions, a thick deposit of ferrous sulphide being deposited on the 
shell. The survival of this mollusk under such lack of oxygen is aided 
by the buffering power of the pallial sinus fluid. The rate of heart beat 
in Sphaerium may vary from 2 to 48 per minute, being much slower when 
the branchial siphon is closed. 

Myriapoda. — The blood of the Myriapoda is contained, for a part of 
its course, in definite blood vessels. There are three kinds of corpuscles 
found; . 

1. Cells having pellucid, central nuclei, invested by a few granules. 
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2, Oat-shaped corpuscles having very prominent nuclei. 

3. Granular corpuscles in which the central nucleus is almost obscured 
by the large numbers of the granules. In these no definite cell wall has 

' been,' observed. 

Insecta. — The bloods of insects do not all contain the same histological 
elements. Among the different leucocytes observed in the bloods of 
insects may be mentioned: 

1. Proleucocytes, young leucocytes with basophil protoplasm, mul- 
tiplsdng rapidly by mitosis. From these arise the other leucocytes. 

2. Phagocytes, larger than the proleucocytes, with a very hyaline 
protoplasm and great phagocytic powers. 

3. Granular leucocytes, having their cytoplasm charged with granules 
of varying chromatophil reactions. These corpuscles often act as 
phagocytes. 

4. Adipoleucocytes, cells which have the power to absorb and carry 
large amounts of fat. 

5. Oenocytoids, large cells of a spherical form, with a homogeneous 
protoplasm clearly acidophil in reaction, associated with tracheae and fat 
body. These cells are not phagocytic. 

6. Spherule cells, cells found occasionally in the bloods of certain 
Coleoptera and Lepidoptera. In the latter they are especially found in 
the blood of the larvae. They are leucocytes of a spherical or ovoid form, 
having a hyaline protoplasm charged with spherules, sometimes colorless 
and sometimes tinged with yellow. They are evidently related to the 
so-called nephrocytes of Bruntz and the spherule cells of Kollmann found 
in the bloods of some invertebrates. The spherule cells of the insects do 
not eliminate ammonium carbonate as do the others mentioned. 

The blood cells of the aquatic beetles, Dytiscus and Hydrophilus, 
appear to be of two sorts: (1) phagocytes, and (2) small round cells. The 
number of cells ranges from 120 to 500 per cubic millimeter in Dytiscus 
to 1030 to 4140 per cubic millimeter in Hydrophilus. 

According to the statement of Barrett and Arnold, the blood of Dytis- 
cus is a liquid of an amber color, turning dark brown or almost black upon 
exposure to the air. This fluid has a sweet odor which is slightly offensive, 
and evidently contains ammonia. Its specific gravity is 1.025 to 1.027. 
In reaction it is alkaline to litmus. The alkalinity is due to the presence 
of ammonium carbonate in an amount slightly in excess of that repre- 
sented by a N/20 HCl solution. This blood contains about 9 per cent of 
total solids, does not coagulate on standing, and shows a depression of the 
freezing point of “~0.77"'C. It contains 6.7 per cent by volume carbon 
dioxide, 1.8 per cent nitrogen and no oxygen. 

The blood of Hydrophilw pissius was found by the same observers 
to be a straw-colored fluid which turns dark brown upon standing in the 
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air, but does not darken upon standing in an atmosphere of hydrogen. 
It has a faintly offensive odor, specific gravity of 1.012, is alkaline in 
reaction to litmus, its basicity being equivalent to that being represented 
by a N/10 HCl solution. This blood does not coagulate upon standing, 
contains 11.6 per cent of solids, and depresses the freezing point — 0.647°C. 
Of gases it contains 3.8 per cent of carbon dioxide, 1.9 per cent nitrogen, 
and no oxygen. From the above statement it will appear that in the 
tracheate forms the blood is only doubtfully an oxygen carrier, the tissue 
cells receiving their oxygen through the tracheal system instead of 
through the blood stream. 

The blood of especially fed cockroaches (BlaUella germanica) contains 
minute droplets of fat (lipomicrons), comparable to the chylomicrons 
found in the blood of higher animals. Ordinarily about 20 per cent 
of the body weight of the cockroach is blood, but this may vary according 
to the condition of nutrition, age, temperature, humidity, etc. 

Influences other than the host sap act in coloring insect blood since 
insects of different species, feeding upon the same host, have blood which 
may present color and reaction differences and which may differ in color 
from the food material. The reaction of the blood to neutral litmus is 
usually different from that of the sap upon which the insect feeds. The 
degree of acidity or alkalinity and color of the insect blood are species 
characteristics and are influenced by factors other than food. Accord- 
ing to spectroscopic and biochemical analysis, the blood of the cockroach 
is as complex as that of other animals. It contains several kinds of 
crystals, seemingly of organic nature. There are but few types of blood 
corpuscles, and it is believed that these types represent stages in the 
life of the individual corpuscle. Blood dust, apparently derived from 
blood corpuscles, has been seen. 

Ascidia. — In the blood of Ascidia atra a colorless plasma is found 
which is isotonic with sea water. The corpuscles are colorless and 
colored; the latter may be green, orange (localized in the branchial sac), 
and blue (in the visceral region); some are amoeboid. The green cells 
are acid in reaction and their pigment contains vanadium in the form 
vanadium pentoxide. This pigment is probably catalytic and not 
respiratory in character. The coagulation of the blood in this form is 
said to be due to an agglutination of the cells. 

The blood of Phallusia mammalata is a colorless fluid, which upon 
standing first turns brown and then greenish blue. It does not coagulate 
and, like the blood of other ascidians, is of acid reaction. The corpus- 
cles in particular give a strongly acid reaction. The chromogen is con- 
tained only in the corpuscles. A quantitative determination shov^ed 
the presence of more than 15 per .cent of vanadium pentoxide in the 
chromogen. 
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Vertebrata. — The bloods of the vertebrates contain three general 
classes of cells — er 3 d;hroc 3 d;es, or red blood corpuscles; leucocytes, or 
white blood corpuscles; and thrombocytes, or blood platelets. 

Erythroc 3 rtes. — ^The red corpuscles or erythrocytes, as they are called, 
occur universally among the vertebrates. As might be expected, they 
are not all of the same size or form in the different groups of animals. 
Among all the lower vertebrates these corpuscles are oval, doubly convex, 
nucleated disks, containing a considerable amount of hemoglobin. In 


Table 9.— Table Giving the Dimensions, Numbebs, and Areas of Erythbocttbs 


Animal 

Diameter, 

microns 

Number, 
millions per 
cubic 
millimeter 

Area, square 
meters per liter, 
or square milli- 
meters per cubic 
millimeter 

Man (A. E. McCormick) 

7.32 



Man 

7.5 

5 

443.8 

Chimpanzee 

7.4 



Bullock 

6.0 

5 . 

282,7 

Horse 

5.5 

7 

402.64 

Sheep. 

5.0 

12 

471.12 

Babbit 

7.0 

4.8 i 

369.4 

Goat 

4.1 

9~10 

237,6-264 

Guinea pig 

7.2 

6.3 

513 

Llama 

4.1 X 7.6 

10.5-13 

516-638 

Dromedary 

8.0 X 4.5 X 2.5 

9.75-12.0 


Chicken 

12.1 X 7.3 

i 3.86 

535 

Duck 

13.1 X 7.0 

2.8 

432 

Pigeon 

12.9 X 7.0 

2.0 

284 

Lacerta agilis 

16.3 X 9.2 

1.42 

335 

Eel 

14.6 X 8.9 

1.1 

224 

Sole 

12.0 X 9.0 

2.0 

338 

Skate 

25.0 X 14.0 

0.23 

12.65 

Frog 

22.9 X 13.9 

0.4-0.59 

20.0 

Proteus 

63.5 X 35.1 

0.036 

1.26 


all of the mammals, with the possible exception of llama and echidna, 
they are nonnucleated, and are commonly said to have the form of bicon- 
cave disks. During the past few years there has been considerable 
discussion as to the actual form of these cells in the circulating blood in the 
body. It seems now to be established that the exact form of the corpuscle 
is dependent to a certain degree upon the osmotic pressure of the fluid in 
which it is immersed for examination. In solutions having an osmotic 
pressure approximately equal to that of 0.9 per cent sodium chloride 
solution they show a biconcave form. In progressively less concentrated 
solutions (hypotonic) water is imbibed, and the corpuscles swell to thin- 
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walled cupSj tliick-walled cups, dimpled spheres, and finally lake-forming 
shadows. In hypertonic media the corpuscles shrink and become 
crenated. Between the limits of form induced by a 0.3 per cent sodium, 
chloride solution and mild crenation, the shape of the corpuscle is repeat- 
edly reversible. Undiluted, freshly drawn blood and blood diluted with 
serum of the same kind show the red corpuscles as biconcave disks. 
Human serum must be diluted about one-third with water before the 
cup-shaped corpuscles will predominate. Freezing-point determinations, 
which show that the mammalian plasma is isotonic with a 0.9 per cent 
sodium chloride solution, are roughly substantiated by such dilution 
experiments. The collective evidence seems to justify the conclusion 
that the biconcave disk represents the normal shape, the concavo-convex 
form being an occasional modification. 

The erythrocytes of the amphibians Cryptohranchus alleghensis and 
AmpMuma iridactylum are oval disks with a central bulge. The dirnen- 
sions of these corpuscles in microns are as follows: 

Cryptobranchus. . . . 46 X 27 X 7 maximum, or 2 minimum, thickness 
Amphiuma. ........ 67 X 41 X 16 maximum, 5 flange thickness 

The wall of the amphibian red corpuscles is about O.Sja in thickness 
and of variable plasticity and elasticity. It may be stretched to four 
times its original length and is believed to be chiefly protein in composi- 
tion. The nucleus of the erythrocyte is very viscous, glutinous, and 
elastic. 

The usual textbook statement that the red corpuscle is a nonnucleated, 
biconcave disk has been carefully examined by Gutstein and Wallbach. 
They have examined the bloods of sheep, mouse, bird, guinea pig, and 
human, fixed by approved methods and variously stained. Under these 
conditions the red cells were found to exhibit five distinct structures: 

1. A double-layered outer rim. 

2. A rim containing hemoglobin. 

3. An ^bnner body,^^ the diameter of which is 3^^ to 34 that of the 
entire cell. 

4. A ^Hiny inner body,^^ lying within the “inner body,” but some- 
times pushed toward the periphery of the cell. 

5. Microgranules. 

The “inner body” is always present and is frequently stained differ- 
ently from the rim containing hemoglobin and from the platelets. The 
“inner body” is neither related to a platelet, nor is it an artifact, nor is 
it due to an optical illusion or aberration, but rather it is the same as the 
currently assumed concave disk of the red cell, which has been observed 
in fresh blood by dark-grouiiyd illumination and appears as a definite 
movable body within the ceU. . 
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Ponder has been able to show that the biconcave-disk form of the 
red corpuscle is peculiarly adapted for gas diffusion since molecules of 
gases starting at the same moment from different points on the surface 
will reach the center at approximately the same time. Spherical bodies 
as efficient, from the point of view of gas diffusion, as is the red cell would 
need to be about one-ninth the volume of the red cell, i.e., the carrying 
of the same amount of gas as is carried by the red corpuscle would require 
nine spherical cells, each having a volume equal to one-ninth that of the 
mammalian red corpuscle. 

The Evolution of the Bed Corpuscle . — The red corpuscles found in the 
bloods of the higher animals may be looked upon as the results of a long- 
ago established habit of symbiosis. Before the bodies of the multicellular 
organisms had become definitely shut off from the sea, there are supposed 
to have entered those multicellular organisms small unicellular forms, such 
as amoeboid or ciliated protozoa, which found in the liquid medium of 
the animal body a more favorable habitat than the sea water which 
had been their home. The sea water undoubtedly contained only small 
amounts of nitrogen, available for use by these nainute forms. A nitrogen 
deficiency may be thought of as the driving force which was effective 
in bringing about the association. The needed nitrogen was readily 
obtained in these animal bodies from the products of nitrogen metabolism. 
In return, the unicellular form, particularly if equipped with chlorophyll, 
may be considered to have contributed its share by supplying carbohy- 
drates to the other partner of the relationship, or, if not provided with 
chlorophyll, in some other way. 

Of course, these protozoan cells cannot be looked upon as the immedi- 
ate ancestors of the red blood corpuscle, but it is easy to see how they may 
have made such a place for themselves in the economy of the ancestral 
forms of the vertebrates that the line of organisms found itself under the 
necessity of providing, out of its own structure, cells which could take 
the place of these associated cells after the possibility of access from the 
sea was removed. There is good evidence pointing to the conclusion 
that pigment matters occurring in animal tissues were originally excreta. 
They are substances which are resistent to metabolism, as appears from 
the fact that they are stored in the more aged cells, and some of them are 
substances which diffuse but slowly, if at all, through animal membranes. 
Such substances, nitrogenous in character, would be seized by such 
symbiotic cells as have been hypothesized. These cells, filled with their 
burden of pigment, would then be free-wandering pigment cells. If, 
then, the pigment happened to be some substance showing a remark- 
able affinity for oxygen, there would be provided for the organism a 
mechanism for the transport Of oxygen which could not help but be of 
great service. 
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There are no cells among the invertebrates which are exactly compar- 
able with the erythrocytes of the vertebrates. Instances do occur, as, for 
example, in Solen, Glycera, Capitella, and Phoronis, in which nucleated, 
amoeboid cells possess inclusions of pigment matter, but so different are 
these cells in appearance from ordinary erythrocytes as not to be confused 
with them. In the very great majority of cases such blood pigments as 
exist among the invertebrates are to be found in solution. 

The utilization of any pigment for the transport of oxygen appears 
to be a rather haphazard matter among the invertebrates. Here and 
there are scattered species of animals which make use of one or another 
such substances, but the distribution of these substances among different 
forms is so irregular that these particular lines are far from settled in 
habit. Closely related forms make use of widely differing substances. 
Also the means employed for the conservation of the substance for respira- 
tory purposes fall far short of the methods employed by the vertebrates. 
In the lowest forms of animals in which hemoglobin and hemocyanin 
appear, they are in solution in a plasma. So far as the author is aware, 
there is no elaborated scheme provided for the preservation of hemo- 
cyanin, unless it be among the cephalopods. Loss of hemoglobin is, 
however, prevented by having the fluid in which it is dissolved kept 
within the walls of a closed system of tubes. Such systems become quite 
complete and efficient in some forms of worms and crustaceans, becoming 
very finely divided so as to reach to the farthest limits of the body. Such 
systems of tubes are, however, subject to injury, and if a tube is broken, 
there is the possibility that a large part or the whole of the oxygen-trans- 
porting pigment may be lost. 

One of the substances likely to be ingested by such symbiotic cells 
as has been suggested would be hemoglobin or some ancestral form of it 
then present, whereupon there would be formed the prototype of the 
modern erythrocyte. In the lowest forms in which hemoglobin occurs, 
it is always in solution. Its incorporation into corpuscles occurs in 
the higher forms. It seems logical to suppose that phylogenetically 
it appeared long before it became included within corpuscles. It has 
rather close relations, chemically, with the chlorocruroins, echinochromes, 
histohematins, hemocyanin, myohematin, neurohematin, and hemeryth- 
rin. These pigments are widely distributed among organisms and also 
in a very haphazard manner among the tissues of the forms in which they 
occur. The reasons which underlie the distribution are certainly not 
clear. The pigments may be found in the vascular fluids, the muscular 
tissues, nervous tissues — anywhere. Such forms of animals as make 
much use of their muscles may have large amounts of myohematin — ^but 
this is not of necessity the case. The pigments seem likely to be pro- 
duced as waste end products in some special line of metabolic activity. 
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The organisms which produce them may excrete them from the body, 
though they are more likely to segregate them into the cells of the skin, or 
they may utilize them for special purposes. 

When the usefulness of the pigments to the organisms had once been 
established, it would seem to be a short step to arrive at a condition in 
which the processes leading to the production of the pigment would be 
emphasized for the sake of the waste end product rather than for what 
had been the original purpose of the process. 

The lack of the red corpuscles in the lower forms may be correlated 
with the condition existing in the developing embryos of higher animals. 
The first fluid to circulate in the heart and blood vessels of an organism 
is one devoid of corpuscles. At an early date the lymphocytes appear 
and after them the erythrocytes. The erythrocytes formed in the bone 
marrow of the higher animals contain not only hemoglobin, but nuclei. 
The nuclei soon disappear, and with their disappearance there is probably 
a considerable diminution in the individual metabolism of the corpuscles. 

Leucoc 3 rtes. — A second great group of the cells found in the bloods of 
the higher forms, such as mammals, are the leucocytes, or white blood 
corpuscles, as they are more familiarly called. As a matter of fact, the 
functions of all of these cells are not clearly understood. They are cer- 
tainly not all of the same type, from a morphological point of view. Num- 
erous classifications have been elaborated by different authors in the 
hope of giving a clearer understanding of the place occupied by these 
different cells in the economy of the organism. None of these classifica- 
tions has proved thoroughly acceptable, though that of Ehrlich has 
probably been most widely approved. According to Ehrlich, white blood 
cells may be divided into two main groups, lymphocytes and leucocytes. 

1. Lymphocytes . — These are colorless cells, nongranular in appear- 
ance and capable of changing form, though probably not for locomotor 
purposes. Of these there are two groups, small and large. 

а. Small lymphocytes are cells, about the size of erythrocjdjes, in 
which the cytoplasm is reduced to a very thin film about the rather large 
and homogeneously staining nucleus. These comprise from 20 to 25 per 
cent of all the white corpuscles. 

б. Large lymphocytes are two or three times as large as the preceding, 
with nucleus somewhat eccentric and with cytoplasm nongranular and 
more abundant than in the smaller corpuscles. They comprise less than 
1 per cent of the white corpuscles. 

2. Leucocytes . — ^The leucocytes are. cells characteristically amoeboid, 
with granules of different sorts in the cytoplasm. 

a. Transition Forms.— These, leucocytes have a single large nucleus, 
more or less lobulated, and cytoplasrn abundant and fairly granulated. 
The granules stain with neutral' stains and are therefore referred to as 
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neutrophil granules. The name transition form implies that these leuco- 
cytes represent an intermediate stage between the large lymphocytes and 
the following variety, though this contention is vigorously opposed by 
many competent hemotologists. 

5. Polymorphonuclear Leucoc 3 ?tes The nucleus is segmented into 
lobes connected by narrow strands. The cytoplasm is amoeboid and is 
granular. The typical cells of this sort form about 60 to 75 per cent of 
the white corpuscles of the blood. The eosinophil cells form a subdivi- 
sion of this group. They have a similarly segmented nucleus, but the 
cytoplasm contains numerous coarse granules that stain with acid dyes, 
such as eosin, whence the name. In the case of the fish, the eosinophil 
cells have received some special attention. Many observers have failed 
to discover in the blood of the fish any eosinophil cells. Drury finds that 
this supposed absence of the coarsely granular cells is not real but is in 
part due to the fact that the granules of the cells are peculiarly unstable. 
This instability evidences itself by the melting and fusing of the granules 
and also by changes in their staining properties. These cells are inti- 
mately connected with the ingestion of bacilli and are very susceptible to 
the action of their extracts, the presence of these causing disintegration 
of the cells. Such an action is comparable to the actions observed in the 
case of the coarsely granular eosinophil cells of all the animals which have 
been examined. It seems, therefore, justifiable to consider that the func- 
tion of the unstable cells is that of the stable cells. Others have con- 
sidered these to be cells excreting their granules and so forming toxins for 
the destruction of bacteria. 

c. Mast Cells. — These cells exist in very small numbers, under normal 
conditions comprising less than 1 per cent of the corpuscles of the blood. 
They have a polymorphic nucleus like the corpuscles of the preceding 
group but differ in the fact that the granules in the cytoplasm are strongly 
basophilic, i.e., stain only with basic dyes. 

3. Thrombocytes j or Blood Platelets , — third class of blood cells found 
in the bloods of vertebrates is the thrombocyte. The thrombocytes are 
the smallest of the blood cells, and though much study has been given 
them, there is still some doubt as to their true nature. In the first place, 
it seems very probable that the small circular disks, of a glistening appear- 
ance, seen in freshly spread blood, are simply the nuclei of these minute 
blood cells. The protoplasm is unsubstantial and apparently breaks up 
almost immediately when the blood is shed from the blood vessels. The 
corpuscles seem to be of the same general sort as the explosive corpuscles 
described above as forming an important constituent of crustacean blood. 
In this case, however, it would seem that the corpuscles are even more 
sensitive than are the crustacean explosive corpuscles. It is a matter of 
great difficulty to prepare thrombocytes in such a way as to exhibit the 
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cytoplasm at ail, to say nothing of observing in them the occasionally 
described amoeboid movements which are said to be characteristic of 
these cells. The part which these cells may play in the coagulation of the 
blood will be touched upon in another place. 

The ^dew of the blood platelets just suggested is by no means the only 
one held by physiologists. Marchesini contends that there are three 
classes of erythrocytes — ^stable, partly stable, and unstable. It is the 
disintegration of the unstable leucocytes which leads to the formation of 
blood platelets out of the debris. The leucocytes serve merely as centers 
about which gathers the debris of the unstable erythrocytes. He claims 
that the process of the formation of the platelets can be watched most 
instructively in the blood of frogs and fowls. 

Fry also contends that the blood platelets in man arise from the 
erythrocytes. It is a matter of interest that not all bloods contain these 
elements, e.g., the blood of fishes is devoid of them. 

B. THE BLOOD AS AN OXYGEN CARRIED 

As pointed out in the preceding section, the organism has need of a 
circulating fluid in order properly to supply food materials to the tissues 
and to carry away from the tissues waste materials destined to be elimi- 
nated from the body. The function of the blood and other body fluids as 
carriers of oxygen requires further discussion. The body fluids of all 
the higher organisms, with the possible exception of the insects, cannot 
be considered as merely water containing food matters in solution. There 
is in the blood of all the higher forms a protein, usually pigmented, which 
carries oxygen from one part of the body to another. The need of such 
a carrier is evident when the comparatively limited oxygen-absorbing 
power of water is considered, and this is compared with the demands 
made by the cells of the animal body for oxygen and the amount of liquid 
in the body which can be given up to oxygen transport. The fact that 
the substances used as oxygen carriers are proteins is, in itself, very sig- 
nificant. Proteins are substances which dialyze slowly, or not at all, 
through the membranes of the cells composing the animal body. Hence 
they are substances w^hich can be conserved readily. If the body were 
to make use of carriers which could readily dialyze, there would be the 
necessity of continuous reconstruction of a very valuable material. The 
proteins when once built can be utilized over and over again. 

Solubility of Oxygen in Water. — ^Water has the power to absorb 
oxygen, in accordance with the well-known gas laws, in definite though 
comparatively small amounts. The following table gives an indication 
of the proportions in which the various gases of the atmosphere are 
dissolved in certain waters. The figures in each case represent the num- 
ber of cubic centimeters of gas per liter at 760 mm. atmospheric pressure. 
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Table 10.— Oxygen Absorption. (From Birge and Juday) 

Number of cubic centimeters of oxygen absorbed by 1 1. of distilled water at different 
temperatures from a free dry atmosphere of 760 mm. pressure 


Temper- 

ature 

0 

r 

1 1" 

2 

3 

4 

5" 

6 

7 

8 

9 

~2 ■■ ' 

10,880 

1 ■' 

10.850 

10.820 

10.790 

10.760 

10.730 

10.700 

10.670 

10.640 

10.610 


10,580 

10.551 

10.522 

10.493 

10.464 

10.435 

10.406 

10.377 

10.348 

10.319 

0 

10.290 

10.263 

10.236 

10.209 

10.182 

10.155 

10.128 

10. 101 

10.074 

10.047 

1 

10.020 

9.993 

9.966 

9.939 

9.912 

9.885 

9.858 

9.831 

9.804 

9.777 

2 

9.750 

9.725 

9.700 

9.675 

9.650 

9.625 

9.600 

9.575 

9.550 

9.525 

3 

9.500 

9.476 

9.452 

9.428 

9.404 

9.380 

9.356 

9.332 

9.308 

9.284 

4 

9.260 

9.237 

9.214 

9.191 

9.168 

9.145 

9.122 

9.099 

9.076 

9.053 

5 

9.030 

9.008 

8.986 

8.964 

8.942 

8,920 

8.898 

8.876 

8.854 

8.832 

6 

8.810 

8.789 

8.768 

8.747 

8.726 

8.705 

8.684 

8.663 

8.642 

8.621 

7 

8.600 

8.580 

8.560 

8.540 

8.520 

8.500 

8.480 

8.460 

8.440 

8.420 

8 

8.400 

8.381 

8.362 

8.343 

8.324 

8.305 

8.286 

8.267 

8,248 

8.229 

9 

8.210 

8.191 

1 

8.172 

8.153 

8.134 

8.115 

8.096 

1 8.077 

8.058 

8.039 

10 

! 8.020 

8.002 

7.984 

7.966 

7.948 

7.930 

7.912 

7.894 

7.876 

7.859 

11 

7.840 

7.824 

7.808 

7.792 

7.776 

; 7.760 

; 7.744 

7.728 

7.712 

7.696 

12 

7.680 

7.664 

7,648 

7.632 

7.616 

7.600 

7.584 

7.568 

7.542 

7.526 

13 

1 7.520 

7.505 

7.490 

7.475 

7.460 

7.445 

i 7,430 

7.415 

7.400 

7.385 

14 

7.370 

7.355 

7.340 

7.325 

7.310 

1 7.295 

1 7.280 

■ ■ ■' " 

7.265 

7.250 

7.235 

15 

7.220 

7.206 

7.192 

7.178 

7.164 

' 7.150 

7.136 

7.122 

7.108 

7.094 

16 

7.080 

7.066 

7.052 

7.038 

7.024 

7.010 

6.996 

^ 6.982 

6.968 

6.954 

17 

6.940 

6.927 

6.914 

6.901 

6.888 

6.875 

6.8621 

6.849 

6.836 

6.823 

18 

6.810 

6.798 

6.786 

6.774 

6.762 

6.750 

" 6.738 

6.726 

6.714 

6.702 

19 

6.690 

6.678 

6.666 

6.654 

6.642 

6.630 

6.618 

6.606 

6.594 

6.582 

' ' 

20 

6.570 

6.559 

6.548 

6.537 

6.526 

6.515 

6.504 

6.493 

6.482 

1'" 6.471 

' 21 

6.460' 

6.449 

I 6.438 

6.427 

6.416 

6.405 

6.394 

6.383 

6.372 

6.361 

■■22' " ■■■! 

6.350 

6.339 

6.328 

6.317 

6.306 

6.295 

6.284 

6.273 

6.262 

6.251 

23 

6.240 

6. 2301 

6.220 

6.210 

6.200 

6.1901 

6.180 

6.170 

6.160 

6.150 

24 

6.140 

6.130 

6.120 

6.110 

6.100 

6.090 

6.080 

6.070 

6.060 

6.050 

25 

6.040 

6.030 

6.020 

6.010 

6.000 

5.990 

5.980 

5.970 

5.960 

5.950 

26 

6.940 

5.930 

5.920 

5.910 

5.900 

5.890 

5.880 

5.870 

5 860 

5.850 

27 

5.840 

5.831 

5.822 

5.813 

6.804 

5,795 

5.786 

5.777 

5.768 

5.759 

28 

5.750 

5.741 

5.732 

5.723 

5.714 

5.705 

5.696 

5,687 

5.678 

5.669 

29 

5.660 

5.651 

5.542 

5.633 

6.624 

6.615 

5.606 

5.597 

5 588 

5.579 

30 

5.570 

5.561 

5.552 

5.543 

5.534 

5.525 

5 516 

5 507 

5.498 

5.489 
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Respiratory or Chromoproteins.— It is evident that if an animal is to 
make use of very much oxygen it will be obliged to have a very large 
absorbing surface and a very large amount of transporting fluid unless 
some other carrier than water can be found, the water in this case being 
represented by the plasma of the blood or other body fluid. In various 
aeiiDfll groups certain complex substances which unite readily with 
oxygen have been elaborated. These substances combine with oxygen at 
ordinary atmospheric pressure and dissociate at somewhat reduced 
pressures, so that the oxygen which had been bound can readily escape 
into the plasma. Such proteins are the following: 


Table H. — Composition op Respiratobt Pigments 


Protein 

Color 

Car- 

bon 

Hydro- i 
gen 1 

Nitro- 

gen 

Iron. 

Sul- 

phur 

Oxygen 

Hemoglobin 

Red 

636 ' 

1025 

164 

1 

3 

189 

Hemoglobin 

Red i 

600 i 

960 

154 

1 

3 

179 

Hemocyanin 

Blue 

857 

1363 

222 

Cu 

4 

258 

Chlorocruorin 

Green 

660 

845 

143 j 

Fe 

3 

167 

Hemerythrin 

Red 

427 

761 

136 i 

Fe 

2 

153 

o-Achroglobin 

Colorless 

523 

761 

196 1 


1 

140 (Patella) 

fe-Achroglobin j 

Colorless 

621 

814 

175 


1 i 

169 (Chiton) 

fi(-Achroglobin , 

Colorless 

721 

915 

194 


1' 

183 

c2-AchrogIobin 

Colorless 

659 

792 

1 165 


1 

163 

Pinnaglobin 

Colorless 

720 

986 

183 

Mn 

4 

210 

Hematoporphyrin * 

(?) 

68 

74 

S 

1 


12 or 



34 

36 

4 



6 or 



16 

, 18 

2 



3 coming from 

Hematin 


32 

1 

32 

4 

Fe 


4 ■ ■■ 


A blue pigment, hemosycotypin, found in some of the moUusks, has 
essentially the composition of the hemocyanin, but contains in the mole- 
cule one atom each of copper and zinc. Hematoporphyrin is doubtfully 
considered a respiratory pigment. 

Chlorocruorin. — ^Blood containing a green pigment was found by 
Milne-Edwards in 1838 in one of the Sabella-like forms of the annelid 
worms. Shortly afterward Dujardin and Quatrefages made similar 
observations on other annelids. Lankester foimd the green pigment 
chlorocruorin in the blood of the annelid Siphostoma, and Krukenberg 
secured green blood when he cut off the gilled filaments from Spirographis 
and collected the liquid which escaped. 

The spectral properties of this pigment have been studied by Lankes- 
ter and by Griffeths. The pigment exists in two forms, one oxidized and 
the other reduced. Those interested may find a description of the spec- 
trum in von Purth’s work on comparative physiology of the invertebrates. 
Lankester bases his claim that chlorocruorin is a respiratory pigment 
upon the fact that when a sqlution of the pigment in the reduced form 
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is shaken with air it assumes the oxidized form. While Krukenberg 
expressed himself as not being convinced as to the respiratory value of 
the pigment, the work of Griff eths appears to establish its position. As 
will be noticed from an examination of the formulas as given in the table, 
this substance presents a molecular constitution very similar to that of 
hemoglobin. One can hardly fail to be impressed with the similarity 
and feel some degree of certainty that the functions of the two substances 
are similar. Both pigments give a blue color with guaiac tincture. 

It is a matter of some interest that Milne-Edwards found that some of 
the very closely related forms, such as Serpula, Terebelia, and Hermella, 
have red blood instead of green. Similar differences in the blood pig- 
ments of rather closely related forms will be found in other groups of 
animals. The blood of the mussel Pinna squamosa is a brownish fluid, 
containing ^^pinna-globin,^^ a homologue of hemoglobin. Pinna-globin 
is an albuminoid pigment in which manganese occurs instead of the iron 
found in hemoglobin, or the copper found in hemocyanin. 

Hemoglobin : Its Physicochemical Character.— Hemoglobin is a com- 
pound of a globin (a simple protein allied to the histones) with a crystalline 
substance, hematin, of the composition C32H32N4Fe04. It is remarkable 
for the comparative ease with which it crystallizes out of solution, it 
being one of only a few protein bodies which have to this time been crys- 
tallized. Attention should be directed to the significance of the iron 
atom in the hematin molecule, for it is to this, probably, that the oxygen 
is linked in the formation of oxyhemoglobin. 

Hemoglobin has the property of combining readily with certain gases 
with which it may happen to come into contact, forming with them readily 
dissociable compounds (except with carbon monoxide). On account of 
this behavior a variety of forms of hemoglobin has been described, such 
as oxyhemoglobin, reduced hemoglobin, carbon monoxide hemoglobin, 
carbohemoglobin, and methemoglobin. These substances must be 
considered as definite, though temporary, chemical compounds rather 
than simple adsorptions of gas upon the hemoglobin molecule. The 
different hemoglobin compounds may be recognized in a variety of 
ways. 

The substance hemoglobin is widely distributed throughout the animal 
kingdom, as will be pointed out more fully in another connection, and 
shows rather wide ranges of chemical composition. That the hemo- 
globins are actually different may be shown in a variety of ways, as, for 
example, by spectroscopic examination. As sunlight passes through a 
solution of hemoglobin, some of the light rays are absorbed by the solu- 
tion, leaving dark bands across the spectrum. The position and the 
breadth of the bands differ in the different hemoglobins and in different 
concentrations of the same hemoglobm. 
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Tiie hemoglobin taken from the arteries near the heart is for the most 
part oxyhemoglobin: that taken from the veins is a mixture of oxyhemo- 
globin and reduced hemoglobin. A comparison of the spectra of these 
two forms shows decided differences in light absorption. In the same 
way solutions of carbon monoxide hemoglobin and methemoglobin show 
very different arrangements of the absorption bands. The colored chart 
(Fig. 12) shows the spectral appearances of the different forms of hemo- 



Pressures of Oxy3en 

Fig. 13. — Curves of dissociation of the oxyhemoglobin at different pressures of oxygen. 
Five curves are shown to indicate that the dissociation of the oxyhemoglobin is greatly 
influenced by the presence of CO 2 , The figures along the ordinates (10 to 100) indicate 
percentages of saturation of the hemoglobin with oxygen, while the figures along the 
abscissa (0 to 160) indicate different pressures of oxygen. The curve marked “5 mm. 
CO 2 ” shows the amount of combination of oxygen and hemoglobin when the CO 2 is absent 
or present only in traces. In this curve at a pressure of 30 mm. of oxygen it will be seen 
that the hemoglobin is 80 per cent saturated with oxygen, while with a pressure of 40 mm. 
of CO 2 , which approximates that in the body, the hemoglobin at the same pressure of 
oxygen is only 50 per cent saturated, {From Howell, after Bohr,) 

globin mentioned as well as some other pigment forms. It will be noted 
that, while the oxyhemoglobin presents two absorption bands in the 
yellow and the green of the spectrum, the reduced hemoglobin has 
only one broad band covering the yellow-green portion of the spectrum. 
Blood which has been standing in the open air for some time gradually 
changes in color. This is due to a change in the hemoglobin to the 
methemoglobin form. Such a change can also be brought about by the 
use of certain chemicals, such as potassium ferrocyanide or potassium 
permanganate. This compound appears to contain about the same 
amount of oxygen as the oxyhemoglobin, but it is combined into such a 
stable form that this hemoglobin' not serve as a respiratory protein. 
If methemoglobin be treated with a reducing solution, such as ammonium 
sulphide, this stable compound iS traittsformed into reduced hemoglobin. 
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pissociatioii of Oxyhemoglobin — ^The value of hemoglobm as an 
oxygen carrier is associated with its power to combine chemically with 
oxygen at the oxygen pressures found in atmospheric air or even in the 
air sacs of the lung and to dissociate, thus giving oflf oxygen at lower 
oxygen pressures such as are found in the body tissues and cells. As the 
result of many investigations, having apparently discordant results, it 
appears that the combining power of the hemoglobm for oxygen is condi- 
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Fig. 14. — The dissociation curve for human blood. The thickness of the curve indi- 
cates the limits within which the curve may fall for normal persons. The figures along the 
abscissa indicate the pressure of oxygen in millimeters of mercury; those along the ordi- 
nate indicate the percentage saturation of the hemoglobin with oxygen. (From Howell, 
after Barcroft.) 

tioned by a number of variable factors. Among these are the pressure 
or tension of the gas, the temperature, the salt content of the blood, and 
especially the carbon dioxide content (which may mean the hydrogen-ion 
concentration arising from the dissociation of carbonic acid) of the blood. 
The effect of the presence of the carbon dioxide is, at all pressures except 
the extremes, to lower the point at which the dissociation of oxyhemo- 
globin into oxygen and hemoglobin takes place. Figure 13 shows 
graphically the extent to which the presence of carbon dioxide affects 
the hemoglobin-oxygen combination. The dissociation curve for human 
blood showing the limits of the variations which may naturally be 
expected in the oxyhemoglobin dissociation because of individual differ- 
ences in blood composition is shown in Fig. 14. 

The Transport of the Hemoglobin in the Body. — Different animals 
vary in the manner in which they transport the blood pigment to the 
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different regions of the body. In the earthworm and similar forms and 
in some of the Crustacea the hemoglobin is carried in solution in a liquid 
plasma contained in a set of closed vessels of the so-called pseudohemal 
system. In the higher animals the hemoglobin forms the larger portion 
of the content of certain special cells or corpuscles which are carried in 
a colorless plasma within the closed system of vessels of the vascular 
system. In some intermediate forms the hemoglobin is collected in the 
form of small drops within the cytoplasm of more or less amoeboid cells. 
The change in the habit of hemoglobin carrying in the higher animals is 
doubtless an adaptation favoring the conservation of the substance which 
might be the more readily lost from a solution than when contained within 
some more or less firm envelope. 

The Amount of Hemoglobin in the Blood. — The percentage of hemo- 
globin in the bloods of different animals is subject to great variation. In 
the lower forms the amount is relatively smaller than in the higher forms. 
In the human blood there are approximately 14 g. of hemoglobin for 
every 100 cc. of blood. In the human body the blood comprises about 
5.0 per cent of the total weight. This means, in the case of a man of 
150 lb. (68 kg.), that there are about 7.5 lb., or 3.4 kg., of blood, amount- 
ing to about 3.213 1. In this amount of blood there are about 450 g. of 
hemoglobin. If the blood contains 5,000,000 corpuscles per cubic milli- 
meter, there will be about 16,065,000,000,000 corpuscles carrying this 
450 g. of hemoglobin, and these corpuscles will have a surface of some 
1700 square meters. Each corpuscle would then carry about 3 X 10”^^ g. 
of hemoglobin. One gram of hemoglobin has the power to combine with 
about 1.36 cc., or 0.0019 g., oxygen at 760 mm. pressure. The whole 
blood supply would, therefore, be able to combine with 611.7 cc., or 
0.855 g. If one molecule of oxygen combines with one molecule of hemo- 
globin, a rough calculation of the combining weight of hemoglobin may 
be made from the proportion 

1 g. hemoglobin: 0.0019 g.: :x:32, in which case x = 16,842. 

Recent investigations suggest that hemoglobin actually has a molec- 
ular weight nearly four times this value. 

Hemoglobin Crystals, — ^Hemoglobin is one of only a few proteins 
which it has been found possible to obtain in crystalline form. Reichert 
and Brown have made a very extended study of the forms of crystalliza- 
tion of hemoglobins from different animals. Between the crj^stals of 
many of these forms there is a distinct similarity. Other hemoglobins 
are, however, quite widely variant from the more general type, some being 
so unlike as to raise a question concerning the identity of the substance. 
The question thus arises, is hemoglobin a definite substance, or are there 
many different hemoglobins? The variations observed in the crystalliza- 
tion of the hemoglobins may be due to the differing salt contents of the 
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different bloods (Fig. 15). It is also true that there may be differences 
in the globin part of the molecule. It would be difScult to imagine that 




Fig. 15. — Forms of hemoglobin crystals as obtained from blood of different animals. 1, 
guinea pig; 2, squirrel; 3, horse; 4, rat. (J^Tom Mitchell, ^'General Physiology,'^ after Reichert.) 

the globins of the earthworm, of the mollusk Planorbis, of fishes, amphib- 
ians, reptiles, birds, and mammals would be 
identical in composition and structure. 

There is certainly evidence that correspond- 
ing proteins of different animal groups pres- 
ent differences of structure and composition. 

Such differences of structure and composition 
probably occur in the hemoglobin as well as 
in other protein molecules, and if they do 

^ ^ ^ Mxtchell, General Physiology. ) 

occur, they would account for some of the 
differences in crystallization which have been observed. 

The hematin portion of the hemoglobin molecule appears to be 
more constant. Hemin crystals (Fig. 16) from the bloods of the earth- 
worm, frog, and mammal are so closely alike as safely to be regarded as 
identical. Of course, this portion of the molecule is less complex than the 
protein portion and is therefore subject to less possibility of modification. 

Hemoglobin among the Worms. — ^Among the worms hemoglobin 
occurs very generally in the blood and fluids of the body cavity. In 
the blood it is usually dissolved in the plasma and does not often appear 
in the corpuscles, as it does among the vertebrates. There are a few 
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eases in which the cellular elements of the blood contain hemoglobin, as 
in Glycera, Capitella, Phoronis, and others. The records of the red 
blood of some of these forms date back to the work of Swammerdam, 
about the middle of the seventeenth century. It is to be noted, however, 
that whenever hemoglobin occurs in cells these are not like the red blood 
cells of the vertebrates, but rather resemble white corpuscles, each cell 
containing a small mass of the pigment in the cytoplasm. 

The presence of iron in the ash of the red blood of certain segmented 
worms was noted by Hunefeld in 1839, and Quatrefages noticed that the 
red color of the blood was independent of the cellular elements. Eollet 
showed by means of Teichman^s test (hemin crystals) that the red color 
of the blood of worms was due to the presence of hemoglobin, and this 
contention was made sure by the spectroscopic work of Nawrocki and 
of Preyer. In England, Griff eths took the red blood from some 600 
earthworms, made a careful chemical analysis of the red coloring matter, 
and obtained results which closely resemble those which have been 
obtained from similar analysis of the hemoglobin of vertebrates- Table 
12 shows the results of the various analysis upon worm blood and upon 
vertebrate blood. 


Table 12.— Percentage Composition of Hemoglobin 


■ i 

Earthworm 

Average of different 
vertebrates 

Carbon . . ... ......... ... ...... . . .... 

53.86-53.91 

51.15-54.87 
6.76- 7.39 
16.17-17.94 
0.39- 0.85 
0.33- 0.59 

Hydrogen 

7.02- 7.10 

Nitrogen. 

Sulphur. 

0.37- 0.41 

Iron 

0.39- 0 



One author has been found who claims that the red color of the blood 
of Lumbricus is due to the presence of hematoporphyrin. This pigment 
is undoubtedly found in the tissues of the body but according to the best 
information is not found in the blood. The chemical composition of this 
substance would not inspire much confidence as a carrier of oxygen. 

In Arenicola, Barcroft and Barcroft have shown that the hemoglobin 
dissolved in the vascular liquid is a different substance from the hemo- 
globin found in human blood. The spectral bands are somewhat dis- 
placed from the usual positions, the a-oxyhemoglobin band being 18 A. 
and the a-carboxy hemoglobin band being 11 A. nearer the violet than in 
the human blood. 

This hemoglobin has a much greater affinity for oxygen and much 
less affinity for carbon monoride than human hemoglobin. This greater 
affinity for oxygen makes it pbsrible for the gas exchanges to take place at 
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much lower oxygen pressures than is customary for human blood, pres- 
sures of from 1 to 3 mm. of mercury of oxygen being sufficient. Carbon 
monoxide, instead of having 250 times the affinity for oxygen, has 
only 70 to 50 times the affinity for oxygen for the hemoglobin of Are- 
nicola. The oxygen capacity of the blood of Arenicola is about 0.01 cc. 
of oxygen per gram of worm. 

' Hemoglobin among the Echinodermata* — Hemoglobin is found also 
in the mud-dwelling Thyone, and in a Pacific sponge-dwelling Thyone, 
Holothurians. Here it is found in small nucleated corpuscles which might 
easily be mistaken for the red corpuscles of the higher animals, except 
for the fact that they are nucleated and are somewhat larger than the 
mammalian blood cells. The presence of hemoglobin here would seem 
to be correlated with the habit of the animal, living as it does under 
conditions rather unfavorable for a good oxygen supply. 

Hemoglobin among Mnllusca. — While hemoglobin, as has been seen, 
is very widespread in its distribution among the worms, it is to be found 
only in scattered cases among the mollusks. Up to this time it appears 
to have been described in such forms as the pulmonate Planorbis and in 
some of the mussels. 

In Planorbis the pigment is dissolved in the plasma of the blood and is 
not found in the blood corpuscles. The identification of this pigment as 
a hemoglobin was the result of the work of a number of investigators. 
The iron content of the blood of Planorbis was noted; it was shown that 
the blood turns blue when treated with guaiac solution — a recognised 
test for hemoglobin; the position of the absorption bands was found prac- 
tically identical with that of other known hemoglobin. All of these 
facts lend emphasis to the view that the pigment in the case of Planorbis 
is not essentially different from the hemoglobin found in higher forms. 

While in Planorbis the hemoglobin is dissolved in the blood plasma, 
in the mussels it is found within the blood cells. According to the account 
given by Cuenot, if the shell of a specimen of Area is opened, there is seen 
m the mantle a considerable collection of red blood wffiich comes from the 
contraction of a sinus in the foot. If the membrane is punctured, the 
blood will flow freely and may be collected in a tube. Upon standing, 
the blood cells fall to the bottom of the tube and the liquid above them 
remains colorless. The red blood cells are ovoid, lenticular bodies, which 
are much more numerous than the colorless cells of the same blood. 

At oxygen tensions down to 7 per cent (one-third that present in the 
air at normal baromentric pressure), Planorbis never makes use of its 
hemoglobin, which remains saturated; nor does it make use of its lung, 
since diffusion through the surfaces exposed to the water is sufficient to 
supply its needs. Below 7 per cent tension the oxygen in physical solu- 
tion in tlie blood no longer suffices, the hemoglobin is reduced, and the 
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t lung is frequently 'filled with air.- Down to an oxygen tension of 7 mm., 
or about 1 per cent, Chironomus larvae do not use their hemoglobin, 
but from about 6 mm. down, they do. The hemoglobin dissociation 
curves for the two animals are different. The results lead to the con- 
clusion that in these two forms the hemoglobin, by its power of binding 
oxygen, chemically renders available sufficient oxygen for the needs 
of the animals at oxygen tensions so low that the necessary amount 
is not supplied by simple solution. The hemoglobin does not act as a 
store for oxygen but is alternately oxidized and reduced as the blood circu- 
lates between the lung and the tissues in Planorbis, or between the surface 
of the body and the interior of Chironomus. In each case the hemo- 
globin is present in Just such a solution as to enable it to utilize those low 
tensions of oxygen to which it is liable to be subjected. 

The amount of oxygen present in the blood of such animals as these 
under discussion is not large, the oxygen capacity of Planorbis blood being 
estimated at from 1.2 to 1.5 volumes per cent and in the case of Chiron- 
omus 6 volumes per cent. The quantity of blood in Planorbis is about 
one-third the body weight, and in Chironomus about one-half the body 
weight. It has also been shown that Planorbis uses 1.09 mg. of oxygen 
per gram of body weight per minute, and Chironomus 2.675 mg. of 
oxygen per gram of body weight per minute. 

Lankester, in 1871, described the appearance of hemoglobin in the 
blood of certain of the Crustacea, such as Daphnia and Cheirocephalus. 
While in the higher forms of the Crustacea the oxygen-carrying function 
is performed by hemocyanin, and hemoglobin is not to be found, the 
latter pigment is found quite generally in the bloods of the lower members 
of the phylum. It occurs in certain of the phyllopods like Daphnia, in 
Apus (according to Lankester), in Branchipus (Regnard and Blanchard), 
and finally in the bloods of some of the copepods — Lernanthropus, 
Clavalla, and Congericola. 

In these last-named crustaceans Van Beneden discovered that there 
is a double circulation similar to that found in the Annelida. There is, 
on the one hand, a lacunar system with a colorless fluid containing 
numerous, uncolored corpuscles, and on the other hand a complex vascu- 
lar system of definite closed tubes in which there circulates a red, hemo- 
globin-containing fluid which contaiins few if any cells. There is no 
communication between the two sorts of circulating fluids. Here, as in 
annelids, it must be considered that the red blood fulfills the functions of 
the red corpuscles of the higher animals. The red blood does not appear 
to be a food carrier in any sense of the term, as it does not diffuse to any 
great degree through the walls of the blood vessels. In both the Anne- 
lida and Crustacea it appears that the red fluid furnishes oxygen to the 
coelomic fluid, which, in turn, passes it directly to the active cells of the 
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body. The pigmented fluid may also serve in the carrying of carbon 
dioxide, though this has not as yet been clearly established. 

The blood of the branchiopods is at certain periods intensely red in 
color. In Artemia and Branchipus the young individuals have been 
found to contain red blood while the blood of the adults is uncolored. 
In these cases the color appears to be limited to the plasma and not to 
pigment held in the corpuscles. 

Significance of Hemoglobin in Lower Forms. — ^The physiological 
significance of the appearance of hemoglobin instead of hemocyanin in 
these forms is not entirely clear. The suggestion of Cuenot that Planor- 
bis has a supply of hemoglobin which enables it best to make use of the 
scanty oxygen supply of stagnant pools may be significant. What is 
known concerning the relative oxygen-carrying capacity of red as com- 
pared with blue blood certainly adds weight to such a suggestion. It is 
worthy of note that in certain of the gastropods in which the pigment is 
lacking in the blood, it does appear in the muscles of the pharynx. This 
is true in Lymnea and Paludina. Cuenot also says that hematin appears 
in the snails in the form of a bile pigment stored up in the liver, and that 
it may be serviceable under certain conditions in the form of hemoglobin 
for respiration. In very closely related forms only white blood is found, 
as in Area noe. Area barbata, and Solenensis. Cuenot showed that the 
forms which contain hemoglobin have the habit of living very closely 
together, in some cases so closely as not to be able to open their shells. 
The renewal of the water for breathing purposes takes place, therefore, 
with considerable difficulty. It would be an interesting experiment to 
bring the young of the hemoglobin-carr3n.ng species into positions where 
they would have plenty of room, and where copper and not iron was 
present in the surrounding water. 

The Role of Hemoglobin as a Carbon Dioxide Carrier. — It has been 
commonly stated that the hemoglobin serves as the carrier of oxygen, and 
that when the oxygen is given off, the hemoglobin exists in the reduced 
form. From recent investigations by Henderson, Van Slyke, and others, 
it appears that the carbon dioxide-carrying function of the hemoglobin 
is equally important. The question as to whether the carbon dioxide 
simply replaces the oxygen in the hemoglobin complex is one yet to be 
settled, though the present evidence indicates that in a combination 
between hemoglobin and carbon dioxide (carbhemoglobin) the carbon 
dioxide becomes attached to a different portion of the molecule from that 
to which the oxygen is normally attached. Inasmuch as the presence of 
hemoglobin in the blood makes it possible for the blood to carry an 
increased amount of carbon dioxide without changing the pH of the 
blood more than the normal difference between arterial and venous blood, 
it may be said that the. hemoglobin acts, as a buffer substance. (For a 
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brief discussioa of buffer actions as related to carbon dioxide transport 
see a later section.) The hemoglobin is looked upon as an ampholytic 
protein which, under certain conditions (of pH) combines with oxygen 
and under somewhat different conditions gives up the oxygen and com- 
bines with carbon dioxide. 

Hemocyanin. — The bloods of very many of the Mollusca and Crus- 
tacea are characterized by their bluish color. This is due to the presence 
of an interesting copper-containing pigment, hemocyanin (HCy) which 
is now recognized as a copper proteinate (albuminate), a substance with 
an exceedingly large molecule. The hemocyanin from the blood of Helix 
has been shown to have a molecular weight of 5,000,000 ± 5 per cent and 
a diameter of 12.1 X 10“’’ cm. 

From the time of Erman, who made a note in 1816 of the blue color 
of blood of some of the Mollusca, there have been frequent mentions 
in the literature of similar observations. Our knowledge as to the nature 
and function of this substance has been very gradually accumulated, and 
is still far from complete. 

Distribution of Hemocyanin. — ^According to von Furth, hemocyanin 
exists in the blood of the following moUusks: 


Lamellibranchiata 

Gastropoda 

Cephalopoda 

Mytilus 

Helix 

Octopus (= Polybius) 

Anodonta 

Limna 

Sepia 

Unio 

Arion 

Eledone 

Mya 

Fissurella 

Loligo 

Pecten 

Haliotis 

Turbo 

Murex 

Cassidaria 

Triton 

Cyclostoma 

Scaphander 



Hemocyanin is the respiratory protein commonly found in the bloods 
of Crustacea. Great variations, however, occur in the amount of the 
substance found in different genera, and sometimes the amount has been 
so small as to be overlooked. In other cases a pigment of a more promi- 
nent color is present in such amount as to obscure the presence of the 
hemocyanin. 

A study of the properties and composition of the pigment is best made 
in a form from which it may be obtained easily and abundantly. Octopus 
furnishes such a source. The arterial blood of the Octopus is blue, the 
venous blood colorless. Observation of the living animal shows that the 
blood in the vessels leading into the gills is colorless and that the blood 
in the vessels coming from the g^ is blue. According to Fredericq, 
the change can be easily seen taking place in the blood vessels of the living 
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animal if the large artery going to the head is laid bare. So iong as the 
animal is breathing normally this artery carries blue blood. As soon as 
the breathing is disturbed, either by taking the animal out of the water 
or by putting the finger into the mantle opening, the blood immediately 
begins to lose color and becomes pale. Also blue arterial blood taken 
outside the body will lose its oxygen and its color if placed in a vacuum, 
if placed in contact with a live tissue, or if kept for some time in a closed 
vessel. ' 

Properties of Hemocyanin. — The hemocyanins (for there are many 
of them) are respiratory pigments. Before the middle of the nineteenth 
century note had been made of the fact that the blood of the mollusk 
Helix assumes a blue color when it is exposed to the air and that it loses 
the blue color if carbon dioxide is bubbled through it. The blue color 
is again regained if the blood is exposed to air for some time. The color is 
due to hemocyanin which exists in the blood in two reversible forms, the 
oxidized and the reduced. Similar observations were soon made upon 
the bloods of other moliusks, especially the cephalopods, upon Limulus, 
and upon various Crustacea. It was then noted that in the forms 
mentioned copper occurs in the blood and is in combination with the 
hemocyanin. In some of the Crustacea there is in addition to the hemo- 
cyanin another pigment, reddish in color, which is sometimes so abundant 
as to mask entirely the blue pigment. These pigments occur in very 
different proportions and relations. 

Crystallization of Hemocyanin. — ^Hemocyanin in crystalline form has 
been obtained from the bloods of various animals by dialysis, electrolysis, 
supersaturation, and salting out. Since the crystals obtained from 
the bloods of different forms are dissimilar, it seems necessary to conclude 
that they represent different kinds of hemocyanin in the several bloods. 
It must, of course, be assumed that the protein molecules of the different 
forms studied are different in their architecture and composition. It 
seems reasonable to expect that among these lower animals there should 
be hemocyanins of somewhat different composition and physical proper- 
ties, Just as among higher animals there are to be found hemoglobins 
which differ in certain respects from each other. Hemocyanin from 
two species of octopus and of Eledone crystallizes in the form of prisms — 
often in groups of needles. These crystals are soluble in water, though 
boiling or the addition of alcohol converts them into an insoluble mass. 
Recrystallization of the hemocyanin of Odopus vulgaris produces char- 
acteristic, greenish-blue, hemihedral crystals — projediles, which resemble 
a section of a sugar loaf. A salt-free hemocyanin solution coagulates at 
from 68 to 72'^C. 

Spectral Properties of Hemocyamn. — Spectrographic studies show 
that the oxyhemocyanins of the gastropod moliusks, cephalopods, marine 
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and fresh-water crustaceans, and of solutions of oxyhemoglobin crystals 
in N/lOO sodium carbonate all give a clear and intense absorption 
band in the yellow when examined in suitable concentration and solvents 
(Fig. 12). This band disappears when the oxyhemocyanin is reduced. 
Slight variations in the axes of absorption are considered due to differences 
in the amount of electrolytes present. 

Analyses of Hemocyanin. — Griffeths, Henze, and Alsberg and Clark 
have made analyses of the hemocyanins of Sepia, Octopus, Limulus, and 
crustacean blood. Table 13 indicates the percentage composition of 
these respiratory proteins in the different forms studied. 


Table 13. — Pebcentagb Composition of Hemoctanins 



Griffeths, average 
of Sepia and 
Crustacea 

Henze, hemo- 
cyanin crystals, 
Octopus 

Alsberg and 
Clark, Limulus 

Carbon 

54,155 

53,66 

48.94 

Hydrogen 

7.095 

7.33 

7.10 

Nitrogen, 

16.268 

16.09 

' 16.18 

Sulphur. 

0.647 

0.86 

1.56 

Copper 

0.328 

0.38 

0.28 

Oxygen 

21.507 

21.68 

25.94 



It is to be noted that the hemocyanin of Limulus differs from that of 
octopus and of Sepia in its percentage composition. It also differs from 
them in its precipitability by dialysis, by full saturation with magnesium 
sulphate, and by half saturation with ammonium sulphate in not having 
been crystallized and perhaps in being more sensitive to acid. 

The hemocyanins from the bloods of Limulus polyphemus, Loligo 
pealii, Busycon canaliculatum, Cancer irroratus, Cancer borealis, and 
Callinectes sapidus differ chemically from each other, but they all serve 
to carry oxygen and carbon dioxide according to the same physico- 
chemical principles as obtain in the case of hemoglobin. 

The Role of Hemocyanin as an Oxygen Carrier. — The chief interest, 
of course, in hemocyanin is its character as an oxygen carrier. It has 
already been shown in another place that the oxygen content of water 
taken from the open sea is from 4.8 to 6.3 cc. per liter at normal atmos- 
pheric pressure, and that the water of a fresh-water river varies from 
6 to 8 cc. per liter. It is now of interest to find whether the blood which 
contains hemocyanin in solution has the power to combine with a larger 
amount of oxygen than has the water. Griffeths found in the blood 
of one of the cephalopods from 12.0 to 14.6 cc. of oxygen, 29.1 to 32.1 cc. 
of carbon dioxide, and 1.2 to 2.0 cc. of nitrogen per hundred cubic 
centimeters. This shows that the conteit of the hemocyanin-containing 
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blood is greatly in excess of that of sea water or fresh water as far as these 
important gases are concerned. Cuenot found in the blood of the snail, 
examined by Schutzenberger's method, 11,5 to 12,8 cc. of oxygen per 
liter, and in the Moselle Eiver from 4.2 to 4.5 cc. of oxygen. These 
figures, if correct, do not show the same contrast found in the figures 
given by Griffeths, but do show that the blood even of a form like a 
snail is capable of taking up more oxygen than the running water in 
which the animal lives. It need hardly be pointed out that the blood 
of the snail contains only a small amount of respiratory protein as 
compared with the bloods of some of the higher mollusks. As a matter 
of comparison, let it be remembered that the blood of the dog contains 
about 21 volumes per cent of oxygen. In the bloods of Limulus poly- 
phemus, Homarus americanm^ Lihinia emarginatay CalUnectes sapidus, 
Ovalipes ocellatus. Cancer borealis^ Busycon canaliculatum^ Busycon 
carica, and Loligo pealii oxygen combines with the hemocyanin in simple 
stoichiometrical proportions, one atom of oxygen being combined for 
each atom of copper contained in the hemocyanin. The same ratio has 
been demonstrated in the purified hemocyanin of Limulus, in both the 
presence and absence of salts. 

Importance of Copper in Hemocyanin. — ^The respiratory capacity of 
the blood of Octopus and probably of the Cephalopoda, in general, is 
relatively very high, three or four times that of the blood of Helix. 
Among the crustaceans none has been found having as high a respiratory 
value as that found in Octopus; and among the Brachyura the respiratory 
capacities are particularly feeble, corresponding approximately to those 
of Helix. There is a general correspondence between the copper con- 
tent of the blood and the oxygen-absorbing capacity. The following 
table indicates the copper content of a number of different bloods: 

Table 14. — Coppeb Content of Bloods 


Milligrams of Copper 
per 100 Cc. of Blood 

Helix pomatia 6 . 5-12 . 5 

Octopus vulgaris 18.0-23,5 

Sepia 23.7 

Cancer pagurus 3.5-13.5 

Maja squinado 3.5 

Squilla mantis 6.1 

Palinurus vulgaris 7 . 5-1 1 . 0 

Carcinus moenas 9 

Homarus vulgaris 9 . 5-10 . 5 

Astacus fluviatilis 4.0- 8.0 


The change in the copper content appears to parallel the variation in 
the hemocyanin content of the blood, as. determined roughly by the 
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inteiisity of the blue color. A parallel determination of the copper con- 
tent and the oxygen absorption by the blood gave the following result : 

TABh-B 15.— -Oxygen Absobbed by Dipfekent Bloods 
100 cc. snail blood containing 6.5 mg. Cu per 100 cc. absorbed 1 .45 cc. oxygen 

100 cc. snail blood containing 11.5 mg. Cu per 100 cc. absorbed 2.2 cc. oxygen 

100 cc. lobster blood containing 9.5 mg. Cu per 100 cc. absorbed 3.0 cc. oxygen 

100 cc. lobster blood containing 10.5 mg. Cu per 100 cc. absorbed 3.1 cc. oxygen 

100 cc. crab blood containing 8.0 mg. Cu per 100 cc. absorbed 2.5 cc. oxygen 

Henze found by means of gas analysis of the blood of a cephalopod 
a content per 100 cc. of 3.09 to 3.70 per cent oxygen, 8.11 to 8.74 per 
cent carbon dioxide, and 1.92 to 3.58 per cent nitrogen. Assuming a 
hemocyanin content of 9 per cent, he calculated that 1 g. of hemocyanin 


T.iBLE 16. — Table Showing the Amount op Oxygen, Caebon Dioxide, and 
Nitrogen Dissolved in 100 Cc. op Blood in the Forms Mentioned 


Animal 

Oxygen 


Nitrogen 

Amount 

Sea urchin 

0.8 

18.0 

15.2 

Per liter 

Worms 

11.0 

28.04 

1.76 

Per 100 cc. 

Worms 

13.02 

30.15 

1.96 

Per 100 cc. 

Sepia 

12.9 

29.1 

1.2 

Per 100 cc. 

Sepia 

14.6 

32.1 

2.0 

Per 100 cc. 

Octopus 

13.28 

30.23 

1.29 

Per 100 cc* 

Octopus 

13.65 

31.29 i 

1.45 

Per 100 cc. 

Palinurus 

14,29 

28.92 

1.20 

Per 100 cc. 

Palinurus 

14.76 

30.00 

1.82 

Per 100 cc. 

Homarus 

14.81 

28.84 

' 1.76 

' Per 100 cc. 

Homarus. 

14.99 

31.11 

1.85 

Per 100 cc. 

Coieoptera (average) 

16.21 

32.92 

1.09 

Per 100 cc. 

Lepidoptera (average) 

17,24 

34.97 

2.35 

Per 100 cc. 

Cancer paguriis 

14,79 

27.14 

1.01 

Per 100 cc. 

Cancer pagurus 

14.96 

28.62 

1.30 

Per 100 cc. 


can take up 0.4 cc. of oxygen. The hemoglobin of ox blood holds 1.34 cc. 
of oxygen per gram. It may, therefore, be roughly said that hemo- 
cyanin has from one-fourth to one-third the oxygen-carrying power of the 
hemoglobin. 

Dissociation of Hemocyanin.— Hemocyanin is much less e.fficient 
than hemoglobin as an oxygen carrier. Different bloods differ in their 
oxygen-carrying power, owing to the different amounts of hemocyanin 
they may contain. The dissociation curve of hemocyanin containing 
blood is not unlike that of hemoglobin, but the curve for purified hemo- 
cyanin loses its S form, and becomes a hyperbola. The hemocyanin 
molecule contains two molecules of copper, and it is to these that the 
oxygen becomes attached. The hhmocyanin seems to be molecu- 
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larly dispersed in its solutions ; hence these solutions must be quite dilute, 
because of the very great size of the molecules, viz . , 2,000,000 and 5,000,000* 

Oxygen and Carbon Dioxide-carrying Powers of Different Bloods.— 
The bloods of the invertebrates vary greatly in their capacity as carriers 
of oxygen and of carbon dioxide. This variation is, of course, correlated 
with the presence or absence of one or another of blood pigments and 
the relative amounts of blood pigments found in the blood of different 
forms. Table 16 shows the amount of oxygen, carbon dioxide, and 
nitrogen dissolved in the blood of the forms mentioned. 

G. PHYSICAL AND CHEMICAL CHARACTERISTICS OF THE FLIUD MEDIUM 

It has already been pointed out that a mutual relationship exists 
between the organism as a whole and the environment in which it carries 
on its life’s processes. It has been shown that in marine organisms, in 
general, the ocean forms an environment whose qualities are such as to 
tender it, par excellence, the medium for many organisms. 

There is sufiScient ground for believing that the present land and aerial 
forms of animals are descendants of forms once living in the sea, and, fur- 
ther, as far as this earth is concerned, living matter had its first abode in 
what was then the ocean. 

Ancestry of the Fluid Medium. — ^The first living forms had the sea for 
their environment. Every cell, doubtless, came into contact with this 
fluid which was at the same time the source of its food and oxygen supply. 
As cells began to be associated in smaller or larger masses, channels were 
left between them through which the water of the sea might find passage. 
Animals a little farther along the scale of development shut off their body 
cavities, vascular and otherwise, from direct communication with the 
sea, but did not succeed in freeing the cells from the necessity of getting 
their food and oxygen supplies by diffusion from a solution. The fluid 
shut within the animal body furnished the immediate environment of the 
cells; it took the place of the sea in the economy of the organism. It has 
been seen that the fluid becomes more and more complex in its structure 
as one passes in review from the lower to the higher forms. And while 
the internal fluid sea, bathing the individual cells, has become in some 
respects more complex and able to play a greater variety of functions in 
the life of the organism, there are certain features in which it harks 
back to the primitive conditions which must have existed millions 
of years ago. 

Freezing-point Determinations of Body Fluids. — ^The osmotic pressure 
of the body fluids of various animals may be determined through obtain- 
ing the depression of the freezing point of the liquid as compared with that 
of distilled water. Table 17, compiled from data given by G. G. Scott in 
a paper in the American Naturalist, and also at the New York Academy of 
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Science, and from other data indicates the facts as they are at present 
known. The Greek letter A is used to indicate degression of freezing 
'point. The osmotic pressure in atmospheres of any sea water or body 
fluid at 0°C. may be found by reference to Table 5. 


Table 17 . — Depeessiox oe Feeezing Point (A) op Sea Waters and Body Fluids 

Degrees Celsius 



Mediterra- 
nean Sea 

Pacific 

Ocean 

Atlantic 

Ocean 

Fresh 

water 

Terrestrial 

animals 

Sea water 

-2.29 

-1.924 

-1.82 

-0.03 


Mamraalia 

-0.64-0.74 

-0.56-0.60 

Aves ' 




-0.66-0.75 

Reptilia 





-0.46-0.56 

Amphibia 




■ i 

-0.56-0.76 

Pisces 

-1.04-1.05 

-0.762 

-0.75-0.86 

-0.51-0.68 

Elasmobranchia 

-2. 29-2. 44 

-1.87-2.03 


Cyclostoma 

-1.966 



Mollusca 

-2,24-2.44 


-0.15-0.21 


Insecta 

1 


-0.95 

Crustacea 

-2.29-2.36 


-1.82-1.90 

-0.49-0.80 

Annelida 


-0.43 


Coelenterata 

-2.195 










Chemical Composition of the Bloods of Invertebrates. — ^For some 
reason comparatively little work has been done to make clear the chem- 
ical composition of the body fluids of invertebrates. Several analyses 
giving the ash composition of certain bloods have been published, but 
there has been little evidence as to the form in which the various elements 
may have been combined in the blood. R. G. Myers has given results of 
analyses giving total nitrogen, nonprotein nitrogen, urea and ammonia 
nitrogen, performed and total creatinine, uric acid, creatine, sugar, choles- 
terol, chlorides — as sodium chloride — calcium — as calcium oxide — ^total 
solids, and ash. Qualitative tests included the reactions to litmus, the 
biuret, Millon’s, Hopkins-Cole, the xanthoproteic tests, and that for 
loosely combined sulphur. 

The values given in Table 18 exhibit several difference when com- 
pared with similar determinations made upon the bloods of higher forms. 
The exceptionally high content of inorganic salts, 2900 to 3200 mg., and 
the low protein nitrogen content, 0.7 to 340 mg. per 100 cc. of the blood, 
may be taken in illustration. 

The low protein content of the invertebrate blood undoubtedly bears 
a causal relation to its low viscosity, Compared with the viscosity of 
the bloods of more highly developed marine forms and mammals, it should 
be lower. In the moUusk and enjstacean blood the increased protein con- 




Table 18 . ^Table Showing Results of Analyses op Body Fluids op Certain Invertebrates, (R. G, Myers) 

All weights in milligrams 


THE TRANSPORT SYSTEM 


143 




144 


TEXTBOOK OF COMPARATIVE PHYSIOLOGY 


tent would be paralleled with an increased viscosity, and this' in turn, is 
associated with aii improved cardiac and circulatory mechanism. 

Myers contends for the buffer effects of the protein content of the 
invertebrate blood in maintaining the required hydrogen-ion concentra- 
tion. The values stated by Myers (pH 6.4 to 6.7) are certainly unreliable 
in view of the fact that they were determined by litmus. It would also 


Table 19 .— Qualitative Data on Samples op Whole Blood 






Reaction 



Animal ■ 

Color of 
blood 

Litmus 

Xantho- 

proteic 

Milion’s 

Hop- 

kins- 

Cole 

Lead 

Biuret 

Jellyfish {PhacvJLlophota cam- 
tschaiica) 

Cryptochiton 

Colorless 

macerate 

Dark 

amber 

Slightly 

alkaline 

Slightly 

alkaline 

Medium 


Quite/ ■ : 
strong 

Weak 

Medium 

Strongylocentrotus 

Orange 

Slightly 

alkaline 

Medium 

Medium 

Weak 

Weak 

Medium 

Haliotis rufescem 

Light in- 
digo blue 

Slightly 

alkaline 

Quite 
; strong 

Quite 

strong 

Strong 

Very 

strong 

Hinkish 

Schizotherus 

Bluish 

tint 

Slightly 

alkaline 

Medium 

Medium 

Weak 

Quite 

strong 

' Medium 

Cancer productus and C. anien- : 
narius j 

Light 
greenish 
■ blue 

; Slightly 

1 alkaline 

Strong 

Quite 

strong 

Very 

strong 

Strong 

Pinkish 


seem that the very small amount of the proteins present would hardly be 
sufficient to play the role suggested. Some other way of maintaining the 
proper concentration must be present. 

Reference to the table will show that the urea content is relatively low, 
though the mean value is higher than that observed in some of the marine 
and fresh-water fishes. The ammonia, preformed creatinine, and creatin 
are generally lower in the bloods of invertebrates than in the bloods 
of fishes and mammals. A large part of the nonprotein nitrogen is 
undoubtedly that contained in the amino acid. Sugar is found in rela- 
tively large quantities in the blood of every invertebrate studied. In 
comparison with the sugar in the bloods of other forms, the differences are 
not great. Cholesterol appears in very small quantities, the amount 
being much less than in the bipod of man. The combined amino acids, 
tyrosine, cystine, and tryptophan— -the two latter in considerable quanti- 
ties — ^were shown to be pr^ent in most of the bloods, and in one case in 
the tissues, of the invertebrate animals studied. In view of the wide 
range of animal forms over which these observations were made, it would 
seem very likely that similar results might be expected if other forms 
should be examined. 
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Blood Sugar among Invertebrates.— While the sugar content of mam- 
malian blood normally varies between rather narrow limits (0.10-0.179 
per cent), the concentration of sugar in the bloods of invertebrates is 
less well defined. Hemingsen has investigated the sugar content of the 
bloods of butterfly larvae and pupae and of the crayfish {Potamobius 
astacus) under differing conditions of nutrition (good feeding and starva- 
tion). The extremes of variation in sugar content in normal animals, in 
terms of percentage of reducing substance, expressed as glucose percent- 
age are as follows: 


Table 20. — Glucose Content op Invebtbbeate Bloods 


Organism 

Glucose, 
per cent 

Reducing, 
substance, 
per cent 

Bomhyx mori 

0.047 

0.180 

0.45 

Cosmotriche potatoria 

0.09 

Cossus Ugniperda 

0.10 

0.30 

Deilephila euphohiae. 

0.43 

0.70 

Phalera bucephala 

1 0.075 

0.126 

Philosamia cynthia 

0.138 
! 0.151 

Pieris hrassicae . 

0.186 

Smefinthus ocellatus. 

0.058 

0.002 

0.186 

PoiamobiiLS astacus. ... . . . . ... . . .... 

0,039 

[ 



In the case of three forms, the blood sugar was determined before 
and after starvation with the following results: 


! 

' ' ■ i 

Before i 

starvation, 
per cent i 

After 

starvation, 
per cent 

Cosmotriche potatoria) 

Cossus Ugniperda V ...... . .......... 

■■ 

0.23 ± 0.03 

0.15 ± 0.01 

Smerinthus ocellatus ) 


In the case of the crayfish, the amount of blood sugar increases rapidly 
after feeding and decreases during starvation. The following figures 
indicate the variation in sugar content of the blood of the crayfish within 
a few hours after feeding: 


;'Time 

3:40 

4:10 

4:40 

5:10 

6:50 

Blood sugar, per cent 

0,002 

0.007 i 

0.028 

0.012 

0.009 
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In the crayfish Potamobius astacus there is evidence of some mechan- 
ism for regulating the percentage of sugar in the blood when there is 
sufficient sugar at the disposal of the animal The nature of this mecha- 
nism is uncertain, though the suggestion is made of a deposition of glycogen 
or of some other form of storage. The indication is that in normal 
well-fed animals there is a rather constant level of blood sugar at about 

0.030 per cent, which may continue until the store of reserve material 
has been expended. 

Correspondences between Body Fluids and Sea Water.— The charac- 
teristics of the internal fluids of animal forms and the sea correspond 
along four lines which should receive comment: 

1. The correspondence as to molecular concentration resulting in 
osmotic pressure. 

2. The correspondence as to the relative concentration of the various 
inorganic salts and ions present in both sea water and body fluids. 

3. The correspondence in temperature. 

4. The correspondence in hydrogen-ion concentration. 

1. Molecular Concentration and Osmotic Pressure. — From an exam- 
ination of the facts presented in Tables 17 and 21 the following conclu- 
sions may be drawn. 

а. The body fluids of the marine invertebrates, cycles tomes, and 
elasmobranchs have body fluids of slightly greater osmotic pressure than 
the sea w^ater in which they live. This slight difference is so small as, 
apparently, to have been overlooked by various authors dealing with 
the subject. 

б. The body fluids of fresh-water invertebrates have freezing points 
considerably less depressed, their bloods varying a great deal from phylum 
to phylum but in no case being more concentrated in salts than that of 
the fresh-water fishes. 

c. The bloods of marine fishes have osmotic pressure somewhat less 
than one-half that of the sea water in which they live. 

d. The bloods of fresh-water fishes, amphibians, and reptiles have salt 
concentrations of about the same values or slightly less than those of the 
land mammals. 

6. The bloods of all the land mammals, as far as examined, have 
osmotic pressures of nearly the same value. The marine mammals 
show^ higher values, corresponding more nearly to the osmotic pressures 
of the marine fishes living under similar conditions. The osmotic value 
of the blood of the seals takes a position somewhat between those of the 
fresh-water and marine fishes. 

An analysis, of all the facts seems to^ indicate that there is some causal 
relation existing between the osmotic pressure of the sea water and the 
osmotic pressures of the bloods of various animal groups. Undoubtedly, 



THE TEANSPORT SYSTEM 


147 


life originated in the sea in water which was relatively dilute as compared 
with the sea water of the present time. This sea water became more and 



Fig. 17, — A chart indicating the salt content of the bloods of large groups of animals 
as determined by the freezing-point method. Abscissa indicates freezing points; ordi- 
nates indicate durations of time during which the salt content of the ocean has been increas- 
ing from a minimum to the values now found in the Atlantic and in the Mediterranean Sea. 
The suggestion is made that the grouping of fresh-water fishes* mammals, amphibia, and 
birds may have some reference to the concentration in salts of the sea when the ancestors 
of these animal groups left their marine habitat. The diagonal may represent the rather 
steady and continuous increase in salt concentration of the sea water with the passage of 
time. 

more concentrated as various salts were washed down from the land into , 
the sea. At various periods some of the animals living in the sea migrated 
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up the streams and came to live in water which was less concentrated in 
salts, others emerged from the sea and began to live upon the land. 
Those which remained in the ocean have been for generations continu- 
ously subject to the gradually increasing concentration of salts in the 
sea 'water. Figure 17 presents in graphic form a report of some of the 
facts concerning the osmotic pressures of the body fluids of various 
animal groups, and a suggestion is offered as to a possible explanation of 
some of these facts. It will be noted that in this figure depressions of 
the freezing points of bloods and of the sea water are indicated as abscissas 
and that duration of time is indicated as ordinates. The fresh-water 
mollusks show a depression of the freezing point, which indicates either 
that they migrated into fresh water in very early times or that they 
have developed little power to maintain a salt concentration in the body 
fluid different from that of their environment. The fresh-water worms 
show a decided increase in the salt content of the blood. The reptiles 
show a salt content slightly higher than that of the fresh-water worms. 
The fresh-water fishes, the mammals, the amphibians, the birds, all hold 
salt concentrations of very closely the same value, which slightly overlap 
each other and which are only slightly below the salt concentration of 
the bloods of the marine bony fishes taken from the north Atlantic. It 
seems entirely possible that the ancestors of these forms so closely grouped 
must have emerged from the waters of the sea at approximately the same 
period as far as salt concentration of the sea was concerned. The mam- 
mals and birds have apparently attempted to maintain in their body 
fluids through all the succeeding generations approximately the same 
concentration as that to which the ancestors were accustomed in their 
original marine habitat. The fresh-water fishes and the amphibians 
show a somewhat wider range of salt concentrations than do the birds or 
mammals. This condition can perhaps be accounted for by the fact that 
these animals have for the most part lived continuously in an aquatic 
environment. They have maintained with more or less exactitude the 
salt concentration in the bloods of their ancestral forms, concentrations 
which were presumably very similar to the concentration of the sea water 
in which they lived. The marine fishes both of the open ocean and of 
the Mediterranean show osmotic pressures a little less than one-half of 
the concentration of the water in which they live. This value is subject 
to considerable modification, as will be shown in later paragraphs. The 
body fluids of the elasmobranch fishes, on the other hand, have salt 
concentrations which are on the average slightly in excess of the salt 
concentrations of the water in which they live. The bloods and body 
fluids of the marine invertebrates, however, have salt-concentration 
values which equal or are very, slightly in excess of the concentration of 
the sea water. Just how far it is justifiable to seek to explain the salt 
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concentratioii of the bloods of all land forms upon this basis is, of coarse, 
somewhat uncertain* It appears in each case that the blood of the 
animal is in a condition of equilibrium with the external medium, even 
though it may differ very much from it. It will now be shown that any 
change in the osmotic condition of the external medium brings about a 
corresponding and compensating change in the osmotic value of the blood, 
to a greater or less degree in the different groups, until a new equilibrium 
is established. 

Experiments upon some marine invertebrates (crabs and the worm 
Arenicola) indicate that in these forms no permanently harmful results 
follow when they are transferred for a short time to fresh water from the 
salt water in which they have been living. On being transferred back 
to the sea water, they will lose the excess water which has been absorbed 
during their stay in the fresh water. When the normal equilibrium exist- 
ing between the blood and the sea water is disturbed by placing an 
animal in either a hypotonic or a hypertonic solution, there is an attempt 
on the part of the animal to establish a new equilibrium level. It appears 
likely that the close approximation of the osmotic pressure of the sea 
water and of the body fluid of the marine invertebrates is not simply a 
matter of osmosis or diffusion through the animal membranes, but is 
due to a definite equilibrium established by the boundary cells. Such a 
pomt of view certainly has some force when it is realized that the concen- 
trations of the different salts on the two sides of these membranes are 
usually slightly different. 

As an example of the change resulting from a transfer from sea water 
to fresh water, observations made upon the eel may be mentioned. 
Specimens taken from the sea off Helgoland contained blood which 
depressed the freezing point 0.649°C. Several specimens were trans- 
ferred to slowly freshened water and the blood tested after 3 days. The 
depression of the freezing point in these specimens was 0.582'^C. Speci- 
mens which had been for a long time in fresh water showed a depression 
of 0.57X. 

When living matter first appeared in the water of the sea it was 
undoubtedly adjusted to the salt content of the water as it existed 
at that time. The salt content was being continually increased through 
the addition of salts which were washed down from the land into the 
ocean. These additions must have accrued very slowly indeed. The 
fact that the living organisms continued to exist is itself an indication 
of the fact that there was a continual adjustment of the organisms to the 
increased salt concentration. This adjustment has gone on until it is 
now discovered that organisms have become adapted to living in a 
salt solution the concentration of which may be equal to that of a ^ 
M NaOl solution or even more highly concentrated. 
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But it will be noted that not all animals lived in the sea. At different 
periods in the history of animal forms there have been migrations from 
the sea and the taking on of new environmental relations. Animals 
which had been living in the sea moved up into the fresh waters, or at 
least into waters less salt than those of the ocean, or they moved out 
upon the land and took up a new habit of life. In either case there were 
significant physiological adaptations to the new habit of life. In certain 
cases the respiratory system was fundamentally altered, and undoubtedly 
other systems of organs met with conditions calling for some radical 
change in the method of operation. The cells of the bodies of these 
forms had become accustomed to association with an environmental 
liquid having a certain total concentration and possessing certain definite 
chemical characteristics. If life in the cells of these migrating organisms 
was to be preserved, it was necessary that this relationship between the 
cells and their immediate environment be continued. It is thus found 
that all of the land forms possess body fluids having not only a definite 
concentration, but a concentration which seems likely to be about that 
of the sea at the time of the migration from the sea to the fresher water, 
or to the land. 

The mammals, then, possess body fluids having about the concentra- 
tion of the sea at the time when the ancestors of the present land forms 
left the sea. Macallum has estimated the salt content of the sea during 
the Cambrian period and finds a figure which corresponds very closely 
with that of the blood of the present land forms. 

It has been customary to think and to speak of living organisms as 
exceedingly plastic structures. In a sense this is true, but in another 
sense it is not. There can hardly be imagined a condition more 
definitely determined and fixed than the relation which exists between 
the concentration of body fluid and that of the medium in which the 
animal lives. The constancy with which the saline concentration of the 
cellular environment has been maintained through millions of years is 
certainly a fact worthy of remark. 

2. The Correspondence between the Relative Concentration of Salts 
in Body Fluids. — In considering the total effects of the salts of the blood, 
the proportions in which the different salts appear in the blood have been 
left out of consideration. It has been found that the total salt content 
of the blood of animals living in the sea is in many cases almost the same 
as that of the sea water. If, now, an analysis is made of the salts found 
in the blood, it will be seen that there is a very striking similarity between 
the salts of the blood and the salts of the sea water. The conclusion 
cannot be escaped that there is a ctosal relation between the two sets of 
facts. Indeed, Macallum makes the claim that there is a very strong 
similarity between the salt content of the blood of mammals and that of 
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the sea during the pre-Cambrian period. In passing from the marine 
invertebrates up the branches of the phylogenetic tree, there is found step 
by step a lowering of the osmotic pressure of the blood as a whole and a 
marked diminution of the magnesium content of the blood. At the same 
time there is a marked increase in the concentration of the potassium. 
This would indicate that the membranes of the cells lying between the 
body fluid and the sea are not readily permeable to magnesium and 
potassium ions or, if permeable, more permeable in one direction. It 
would also point to the conclusion that the concentration of these sub- 
stances as now found in the sea is different from that to which the proto- 
plasm of the cells was originally adapted and also that the present 
concentrations of these substances in the sea as compared with the con- 
centration of sodium salts are not the optima concentrations for a very 
large number of living forms. 

A glance at the figures shown in Table 21 will give an idea of the 
ratios of the concentrations of the principal substances found in the sea 
water and in the body fluids of several widely separated forms. 

Ionic Phase of &a.— Church has called attention in a very interesting 
manner to some facts in regard to the water of the sea. There is still 
water enough upon the surface of the earth to form a layer about 2 miles 
in thickness over the whole surface of the globe. The mass of liquid is 
about 1.3 X 10^® tons. Of this, about per cent consists of salts in 
solution. It has already been pointed out that electrolytes in solution 
tend to dissociate into ions. This is true of the salts of the sea water. 
The water of the sea may be considered a solution containing eight 
elementary ions, four electropositive (cations) Na+, K+, Mg++, Ca'^+, 
and four electronegative (anions) Br~, Cl~, SO4 j and CO3 , also traces 
of N, P, I, Fe, Mn, Ag, etc. The general run of the elements follows 
the sequence of the periodic law from 12 to 40, in which alunainum is 
deficient. 

The solutes of sea water are ionized nearly to the extent of 90 per cent. 
The water itself is ionized to the extent of 10“*^^ normal. The water of the 
sea is approximately neutral, ranging in pH from 7.9 to 8.2. It may be 
said that the sea water is by virtue of its ionization nonmolecular to the 
extent of about 3 per cent by weight. This commonplace medium 
hitherto regarded as a molecular fluid must be considered as an ionic 
organization of inconceivable complexity. There is not, at the present 
time, any means of knowing the various ways in which the numerous ions 
present may relate themselves to each other in the sea water. Figure 18 
is an attempt to show in a graphic way how some of the principal ions of 
the sea water may become related to each other. 

The figures presented in the second part of the table would seem to 
indicate that tibe present ionic ratios are; only slight modifications of the 



have been resident in the ocean since the origin of teleosts from a ganoid 
form in the Cretaceous. This long association with the sea has given 
1.77 per cent of total salts in the do^h, .l,25 in cod and pollock, while 
in mammals the total salts comprise about 0;9 per cent. 



Na 

e: 

Ca 

Mg 


Cl 

Sea water 

100 

3.613 

3,911 

12.106 

20.9 

180.9 

Aurelia Jlavidvla 

; 100 

5.18 

4,13 

11.43 

13.18 

;'i85.5:. 

Idmulm polyphemus 

' 100 

5.62 

4.06 

11.20 

13.33 

186.9 

Homarus ameTwarme 

i 100 

3.73 

4.85 

,:.1,72::, 

6.67 

;i7i,,2;: 

Acanthias (dogfish) 

100 

4.61 

2,71 

2 46 


165 7 

Gadus (cod) 

100 

9.506 

3.93 

1.41 


149.7 

Pollock 

100 

4 33 

3.10 

1.46 i 


137,8 

Dog 

100 

6.86 i 

2.52 

0.81 1 


128.5 


100 

6.69 

2.58 

0.80 


118.3 


100 

9.22 

3.37 

1.76 1 


101.4 
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ratios which prevailed in the blood sera of the ancestors of the vertebrates. 
The high proportion of magnesium in the dogfish, cod, and pollock may be 


Fig. 18. — Diagram to indicate possible ionic combinations in sea water. 

explained as due to the influence of the sea water, which is especially 
rich in this element, for the elasmobranchs have been oceanic since their 
origin in the Silurian at the latest, and the Gadidae (cod and pollock) 

Table 21. — ^Table Showing Relative Ooncenteation of Peincipal Ions in the 
Bloods op the Animals Mentioned 
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Another set of figures taken from another source indicates something 
of the same character. These figures give the percentage composition of 
the ash of the body fluids of the forms mentioned as compared with sea 
water.' 


Table 22. — ^Salt Content of Bloods 



EcMnoderms 

Sabella 

MoUiisca 

Oustaoea 

Insects . 

Sea 

water 

MgO..... 

1.05- 1.38 

1.22 

1.51- 1.86 

1.88-1.91 


6.2 

KaO...... .... 

4.52- 4,81 

4.03 

4,80- 4.92 

4.77- 4.97 


1.33 

NaaO 

43.78-44.22 

45.23 

43.9 -45.4 

4.39-4.99 

43.29-44.03 

41,2 

PaOs 

4.24- 4,62 

4.56~ 

4.53- 4.90 

4.81- 4.90 

3.21- 3.61 


SOs 

2.22- 2.36 

2.10 

2.66- 2.83 

2.75-2.90 

2.80- 2.93 

6.4 

a 

39,63-40.40 

39,26 

35.55-38.16 

36.96-37.65 

41.30-43.16 

55.3 

CaO 


3.42 

2.31- 3.72 

3.54- 3.79 

2.06- 2.43 

1.67 


The figures of this table appear to justify the following conclusions: 

1. The same salts are present in the body fluids as are present in the 
seawater. 

2. For some reason there is a tendency on the part of the forms 
examined to exclude a portion of the magnesium of the sea water. 

3. There is a similar tendency on the part of the organisms to store up 
potassium. This substance may be in combination with some of the col- 
loids of the body fluid and so not be in a condition in the blood to follow 
the usual laws of osmotic exchange. 

4. The membranes of the cells are far from being perfectly permeable 
to the salts of the sea water. 

Physiologically Balanced Saline Solutions , — In laboratory investiga- 
tions and in hospital practice it has been found desirable to substitute in 
place of the blood a solution which would permit the tissues under obser- 
vation to act in a normal way. Such solutions must contain the salts 
found in the blood in approximately the same molecular concentration 
and the same relative proportions. As has already been pointed out, the 
sea water possesses a composition very similar to that of the bloods of 
many of the invertebrates as far as the proportions of the most important 
electrolytes are concerned. This has led to the idea that the sea water 
may be considered as a physiologically balanced solution and used in place 
of a body fluid in experiments upon marine forms. Such a use of the sea 
water can easily be proved possible if certain slight but important changes 
are made in its composition^ e,g,, the addition of a small amount of a 
calcium salt. As has been pointed out, sea water is an exceedingly 
complex solution, and it is only after a great deal of effort that biological 
chemists have finally succeeded in elaborating a formula for an artificial 
solution which has the same properties as the water of the open ocean 
as far as its effects upon living matter are concerned. 
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McClendon’s Sea Water . — McClendon has given the following formula 
as representing the best information obtainable at the present time 
regarding the composition of this solution: 


Table 23. — McClendon’s Sea Wateb 
All solutions are of M/1 concentration unless otherwise stated 


HaGl , 

483.65 cc. 

NagSiOs 

0.0025 g. 
0.005 cc. 

KOI . 

10.23 cc. 



28.55 cc. 

H 3 PO 4 ........ 

0.002 cc. 



MgGL ..... 

25 . 16 cc. 

H 3 BO 3 ..... 

1.00 cc. 


11.00 cc. 

AlgCls...... 

0.01 cc. 



WfiBr 

0 . 8 cc. 

NH3. .... 

0 . 001 cc. 

NaHCOa '. 

2.5 cc. 

LiNOs... .... 

0.002 cc. 


HgO.,... 

373.63 cc. 


In a solution of the composition just stated, even the most delicate 
marine algae will live for long periods in an apparently normal way. Any 
change in the proportions of the various substances present in the sea 
water or in the physiological saline will make its impress upon the physico- 
chemical system, resulting in a change of balance. This change of bal- 
ance will be indicated by a modification in the behavior of the organ or 
tissue under observation. The change of balance may be physical or 
chemical or both. If the ratio between the Na, K, and Ca elements of 
the solution be modified, there may be changes in surface tension, as 
shown by Dr. Clowes, and it is likely that balances existing in the ion- 
protein compoxmds within the cells may be upset, as contended by Dr. 
Loeb. 

While it is true that the sea water is an exceedingly complex solution, 
and while it is true that the body fluids of animals are at least as com- 
plex as the sea water, it has been formd that a much simpler form of solu- 
tion will serve as a protective medium for use during experimentation if 
care is taken to provide for the correct proportions of the more impor- 
tant saline constituents of the natural medium. Such a fluid would not 
serve for the preservation of normal conditions extending over a long 
period of time but will serve for relatively brief studies. Van’t Hoff has 
given us the formula for such a solution. 

Van’t Hoff’s Solution. — Van’t Hoff’s solution contains the principal 
salts of the sea water in the molecular proportions in which they are to be 
found m the sea water. The solution may be made of any desired con- 
centration, e.g., M/1, and then diluted to the same concentration as that 
of the sea water in which the animals to be experimented upon normally 
live. The proportions in which the different molecules occur are as 
follows: 100 molecules NaCl, 7.8 molecules MgClz, 3.8 molecules MgS 04 , 
2.2 molecules HCl, and from l.'S to 2,5 molecules CaClj. To this should 
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be added a trace of sodium bicarbonate solution to remove any possible 
.acidity. 

It bas been found that such a solution will serve as an admirable 
medium for the study of the action of the heart and will serve to keep the 
hearts of certain marine invertebrates beating rhythmically for many 
hours. This appears not to be true of all of the marine invertebrates, 
however. As an example of this fact may be cited one of the spider crabs 
of the Atlantic Coast whose heart will not beat in a solution constructed 
upon VanT Hoff^s formula, but will beat for a long time in a solution con- 
taining 100 cc. M/2 NaCl, 4 cc. M/2 MgCh, 8.3 cc. M/2E;C1, 5 to 6.5 
cc. M/2 CaCh, and 1.0 cc. M/10 NaHCOs. The reason for this difference 
in molecular composition has not been investigated and is not known. 

Similar solutions for use upon the tissues of vertebrates have been 
worked out. They are generally stated in terms of percentages instead 
of relative molecular values. 


Table 24. — Composition op Tbanspitsion Fluids 



NaCl 

KCi 

CaCL 

MgCh 

NaHCOa 

NaHzPOi 

NaHP04 

Urea 

Ringer's (frog) 

0.65 

0.014 

0.012 


0.02 

0.001 



Gothlin’s (frog) 

0,65 

0.01 

0.065 


0.1 

0.008 

0.009 


Locke's (frog)*** 

0.7 

0.35 

0.25 


0,01 




Locke's (mammal) 

0.9 

0.042 

0.024 


0.01-0.03 




Tyrode’s (mammal) 

0.8 

0.02 

0.02 

0,01 

1 ^ 0.1' , 

0.005 



Fuhner’s (shark) 

2.0 

I" ■ ; 

0.01 

t , 

0.02 


0.02 

! -vl 



2.6 


* Dextrose 0.06 =» 3 cc. M/1 dextrose to 100 cc. solution. 


The Ringer solution given in Table 24 corresponds very closely to a 
solution built upon the molecular plan as follows: 

Table 25. — Ringek’s Solution 
100 cc. M/9 NaCl 
1.5 cc. M/9KG1 
1.0 cc. M/9CaCl2 
Trace of NaHCOa 

There will be found in various textbooks statements that the blood of 
the frog has about the osmotic pressure of a 0.6 per cent NaCl solution 
and that human blood has about the osmotic pressure of a 0.9 per cent 
NaCl solution. As a matter of fact, the freezing-point determinations 
indicate that the blood of the frog is subject to considerable variation 
in concentration due to seasonal or other factors. In general, it has been 
found in the author's laboratory that solutions of M/8 concentration 
furnish an admirable medium for use with the tissues of the frog; of M/7 
concentration for use with the turtlej and of M concentration for 
i:USg;|li:::::dilutiig^li3|i|n/|lodd/./ 
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A solution which has proved of considerable value in the study of 
the heart of the turtle has the composition: 

Table 26. — Binoer's Solution foe Turtle 
100 cc. M/7NaCl 
2.2 cc. M/7 KOI 
1.7 cc. M/7CaCl2 
Trace of NaHCOs 

Mines' solution for use with frog tissue has the composition : 

Table 27.— Mines’ Solution for Frog 
100 cc. M/8 NaCl 

2.5 cc. M/8KC1 
2.0 cc. M/8 CaCla 

1.5 cc. M/8 NaHCOs 

It will be noted that the relative proportions of the sodium, potassium, 
and calcium in this solution are essentially the same as those in which 
they exist in the sea water. 

For the convenience of the student in estimating the strength of salt 
solutions the following table is included: 

Table 28. — Conversion Table of Percentage of Molecular Concentration 

A saline solution containing 0.60 per cent NaCl is 10/97 M concentration. 

A saline solution containing 0.65 per cent NaCl is 10/90 M concentration. 

A saline solution containing 0.70 per cent NaCl is 10/84 M concentration. 

A saline solution containing 0.75 per cent NaCl is 10/78 M concentration. 

A saline solution containing 0.80 per cent NaCl is 10/73 M concentration. 

A saline solution containing 0.85 per cent NaCl is 10/69 M concentration. 

A saline solution containing 0.90 per cent NaCl is 10/65 M concentration. 

A saline solution containing 0.95 per cent NaCl is 100/615 M concentration. 

Importance of Metallic Ions in the Blood . — The blood has been shown 
to be a substitute for sea water, containing the same salts in nearly the 
same proportions as those in which they are found in the sea. The total 
concentration appears to have some relation to the time at which the 
ancestral form left the sea, in the case of those forms which are not now 
living in the sea water. 

Of the salts which are found in the sea and the blood, by far the 
most important appear to be the chlorides of sodium, potassium, and 
calcium. 

a. Sodium . — The sodium found in the blood functions chiefly in main- 
taining the requisite osmotic pressure of the solution. It probably acts 
also as a cell stimulant, or furnishes a condition necessary for stimulation, 
especially to be noted in the case of skeletal and cardiac muscle. It 
exerts in many cases a distinct poisonous effect, acting particularly upon 
cell membranes* 
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5. Potassium.~li tends to neutralize a poisonous effect upon proto- 
plasm of calcium ions. It is especially important because of its radio- 
activity and may in certain instances at least be replaced by the salts of 
other radioactive metals, such as cesium and rubidium, when intro- 
duced in equivalent radioactive concentrations. It appears to control 
quickness of response to stimulation. 

c, Calcium,~lt is antagonistic to sodium, acts to preserve cell mem- 
braneSj and regulates the permeability of the membranes. 

The calcium occurs wholly in the blood plasma and not in the cor- 
puscles. Some of the calcium is in diffusible form in the blood plasma, 
and tends to remain quite constant in amount. A part of the calcium 
is in nondiffusible form and seems not to be in equilibrium with the total 
diffusible calcium, though it may be in equilibrium with a small fraction 
thereof. The nondiffusible calcium appears to be bound to serum pro- 
teins or some component of them in a nonionized form. 

When the calcium content of Ringer’s fluid is decreased, there occurs a 
depressant action upon the isolated frog ventricle, and this varies directly 
as the concentration of the calcium ions, when the latter fall below 
0.43 millimolar. 

3. The Correspondence in Temperature between the Sea and Living 
Animals.— It is probably true that the temperature of the blood of any 
animal is significant chiefly in the fact that it gives an indication of the 
temperature of the animal body. The blood undoubtedly receives its 
heat from the tissues in which heat-liberating, metabolic processes take 
place. It is shown in another place that the temperatures of the bodies of 
the so-called cold-blooded animals approximate very closely that of the 
medium in which they are placed, and that the temperatures of their 
bodies change with the changes of temperature of the environment. 

It has been suggested that certain animals have found it desirable to 
maintain very constant body temperatures so as to maintain a very con- 
stant relation between the various physicochemical processes which are 
taking place within the organism, even though the temperature of the 
enviromnent is subject to modification. Animals making a transfer 
from one environment to another would appear to be especially likely 
to profit by such a constant-temperature regulation. At any rate, follow- 
ing the migration from the sea by the ancestors of the present-day warm- 
blooded animals, there were developed mechanisms for the regulation of 
body temperature. These mechanisms were at the outset very crude and 
inefficient, and subject to breakdown imder extreme conditions. As wiU 
be found in another section in this work, there exist at the present time 
among some of the less specialized of the warm-blooded animals regula- 
tory systems which are far from perfect. Among the highest forms, 
however, these regulatory systems have attained a high degree of sensi- 
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tivity and efficiency. It may be assumed that in the development of 
these mechanisms an attempt has been made to maintain in the animal 
bodies about that temperature to which the ancestral forms had been 
accustomed, or which they had found most advantageous in their original 
marine environment. It appears possible that there is in the body tem- 
perature of the birds and mammals an indication of the temperature of 
the sea at the time when the ancestral forms left the sea. Another fact 
of peculiar interest is the diurnal change of temperature in the warm- 
blooded animals and in the sea. The body of the warm-blooded animal 
reaches its highest temperature normally between 2 and 6 p.m., and then 
slowly cools, reaching its minimum between 2 and 6 a.m. The difference 
is not great, being about 1°C. A similar daily variation in temperature 
is known to occur in the sea. 

4. The Correspondence in Hydrogen-ion Concentration between 
Body Fluids and Sea Water. — For a long time it has been taught that the 
blood is a neutral or slightly alkaline fluid. The measurement of the 
acidity or alkalinity of such fluids has not been, until recently, an easy 
matter to accomplish. Recently developed methods, making use of 
hydrogen electrodes or carefully standardized, very delicate, chemical 
indicators, have made it possible to determine the hydrogen-ion concen- 
tration of liquids to within a comparatively small error. It is well known 
that distilled water is subject to ionization when it is allowed to stand. 
In such water an equal number of H'*' and OH~ ions are found. The 
water is then equally acid and alkaline in character. The number of 
molecules dissociated in the case of pure water gives a concentration of 
each ion equal to the 10~^ normality (N/10, 000,000) at a temperature 
of from 22 to 23°C. If either one of the ions be increased in concentra- 
tion, a corresponding decrease occurs in the number of the opposing 
ions. The product of the concentrations is always about 10~i^ at 
22 to 23°C. Instead of writing the concentration in the form just 
given, it has become customary to use the shorter nomenclature of 
S0rensen, who has advocated the use of the negative exponent of 10 
as a positive whole number, using the symbol pH to indicate that the 
hydrogen-ion potential exponent is being considered, Le., the exponent of 
the hydrogen-ion concentration is the common logarithm of the reciprocal 
value of the normality in hydrogen ions. Thus 

Ch (hydrogen-ion concentration) 0.35 X 10~^ = pH 7.45 

Sorensen’s Nomenclaiure.—rlj). order to facilitate the student’s use 
in nomenclature and to make apparent the significance of the terminology, 
there is here given a brief table of the pH values and the corresponding 
values of hydrogen-ion normality, which are likely to be used most exten- 
sively by the physiologist. 
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Table 29.— Table"’ Showing Conveesion'.of pH Yalijes into. Hybeogen^xont 


pH 6.0 = 1 X 10"6 NH 
pH 6.1 » 0.79 iX 10-8 NH 
pH 6.2 = 0.63 X10-8NH 
pH 6.3 = 0.5 X 10-8 NH 
pH 6.4 = 0.4 XIO-s NH 
pH 6.5 = 0.316 X 10-6 NH 
pH 6.6 = 0.25 X 10-8 NH 
pH 6.7 =0.20 X10-6NH 
pH 6.8 = 0.158 X 10-6 NH 
pH 6.9 = 0,125 X 10-6 NH 


CONCENTBATION YaLHES 
pH 7.0 = 1 X10-7NH 

pH 7.1 = 0.79 X 10-7 NH 
pH 7.2 = 0.63 X10-7NH 
pH 7.3 = 0.5 X 10-7 NH 
pH 7.4 =0.4 X10-7NH 

pH 7.5 = 0.316 X 10-7 NH 
pH 7.6 = 0.25 X10-7NH 
pH 7.7 =0.20 X10-7NH 
pH 7.8 =0.168 X 10-7 NH 
pH 7.9 = 0,125 X 10-7 NH 


pH 8.0 = 1 X 10-6 nH. 
pH 8.1 = 0,79 X 10-» NH 
pH 8.2 =0.63 X 10 -s:NHi 
pH 8.3 =0.5 XiO-sNHl 
pH 8.4 = 0.4 X 10-6NH 
pH'8.5 = 0.316 X 10-8 NH 
pH 8.6 =0.25 XiO-S'NH 
pH 8.7 = 0.20, X 10,-8 NH,' 
pH 8.8 = 0.158 X 10-8 NH 
pH 8.9 = 0.125 X 10-8 NH 


Careful determmations of the hydrogen4oH concentration of the sea 
water and of the body fluids of a wide range of animal forms have been 
made. Table 30 presents the facts as they are at present known and 
indicates that with very few exceptions the body fluids of all animals 
have a pH value slightly on the alkaline side of neutrality. The excep- 
tions noted in the table may possibly be explained by the fact that there 
is secreted in certain of the blood cells a vanadium-containing compound 
which is in itself quite strongly acid. 


Table 30.- — ^Table Showing the pH Yalijes of the Body Fluids op a Series of 

Animals 


Species pH 

Alcyonium palmatum (coeienterate) 8.54 

Alcyonium palmatum. 8. 43 

Sipunculus nudm (worm) 7.79 

Sipunculus nudm 7.25 

Ast&rias glacialis (echinoderm) 7,76 

Astropecten 7.27 

Sphaerechmus granularis 7.60 

Strongylocentrotus 7.63 

Holothuria 7.67 

Aplysia (mollusk) 7.23 

Bledone moschata. . .... ...... 7.36 

Octopus vulgaris 7.54 

Maja (crustacean) 7.45 

Palinurus (crustacean) 7,38 

Homarus 7.62 

Cyona (ascidian) 7.56 

Ascidia mentual 7.1 

Torpedo (elasmobranch) . . , . . .... . . . ... . , . ; . . . , . ... . . ... 7.64 

was (mollusk) 7,5 

.Cassiopea 7.7 

Pecten 6.5 

Human blood (mammal) 7 . 4r-7 , 49 

Sea water : 8. 0-8, 2 


From what has been said it will appear that the circulating body fluid 
is not only a solution of relatively stable osmotic pressure and of definite 
composition as far as the ratios of metallic ions are concerned, but that it 
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is also a solution of remarkably definite and constant alkalinity. This 
means that the fluid must contain what are known as buffer substances. 
In this regard, again, the body fluid is like the sea water. 

The corpuscles of human blood are considerably more acid than the 
serum over the whole physiological range — the pH of the corpuscles 
varies from 7.47 to 6.95, while the pH of the corresponding serum varies 
from 7.70 to 7.26. Similarly the pH of the corpuscles of goose blood 
varies from 7.59 to 7.08, while the pH of the corresponding serum varies 
from 7.84 to 7.37. At the same carbon dioxide pressure the goose blood 
appears to be slightly more alkaline than human blood. 

Differences between Arterial and Venous Blood. — It has long been 
known that the arterial blood of mammals differs, at least in color, from 
the venous blood. In the following table there are mdicated some of the 
other respects in which the bloods from the two sets of vessels differ. 
The + sign indicates greater amount, and — indicates less. 


Table 31. — Difpekences between Arterial and Venous Blood 



Arterial blood 

Venous blood 

Oxygen 

+ 


Carbon dioxide 

— 

+ 

Corpuscle volume 

— 

+ 


Arterial plasma 

Venous plasma 

Sodium bicarbonate 

■ ■ 

+ 

Chlorine 

+ 


Water 



Concentration of ions 

— 

+ 


The Buffer Substances of the Blood and Carbon Dioxide Transporta- 
tion. — The part which the blood plays as a carrier of carbon dioxide 
has been until recently very little understood. A number of ingenious 
suggestions have at various times been offered as to the nature of the 
compounds formed between carbon dioxide and substances in the blood, 
several of which have proved part truths. 

The blood, like sea water, is a solution. In this case it is a solution of 
proteins and inorganic salts in water. Unlike the sea water the blood 
contains floating cells which themselves contain substances which may 
be a part of the chemical mechanism involved in the carrying of carbon 
dioxide as well as of oxygen. The diJEculty in understanding the process 
comes from the complexity of the system involved in the transport, and 
bur previous lack of ability to form a mental picture of the whole series 
of closely related chemical operations which have a part in the process. 
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For much of the material contained in this account of buffer substances 
and their actions the author is indebted to the very able iwiew 
D. D» Van Slyke. 

It has been claimed that the proteins of the blood (by which appears 
tp be meant the proteins of the plasma) have the power to combine with 
the acids produced in the various chemical operations taking place in 
the body and so serve to keep the body fluid from becoming too acid in 
reaction. As a matter of fact, the amount^of protein present in the blood 
of even one of the higher animals is very small, making a solution of 
only M/2300 concentration. These proteins have very few NH 2 
groups capable of combining with acids. It has been calculated that 
the proteins of the blood serum would be about equivalent to a N/6000 
NH 3 solution and so could neutralize only a small amount of acid. 

The acid which serves to keep up the hydrogen-ion concentration of 
the blood is in the nature of a waste product and comes from all the active 
tissues of the body. Carbon dioxide is produced by active cells generally; 
this carbon dioxide upon combining with water gives carbonic acid, which 
immediately ionizes, giving one free hydrogen ion. 

Carbon dioxide may appear in the blood in any one of four ways: 
(1) as anhydrous carbon dioxide; (2) as carbonic acid (H 2 CO 3 ); (3) as a 
bicarbonate (BHCO 3 ), in which B indicates a monovalent base such as 
sodium or potassium; (4) as carbonate (B 2 CO 3 ). 

It is probably true that the amount of anhydrous carbon dioxide is 
practically negligible, most if not all of the carbon dioxide combining at 
once with water to form carbonic acid. Of the carbonate and bicarbonate 
only the latter can exist in significant amounts in solutions containing as 
much carbonic acid as is found in the blood. Thus, practically, car- 
bonic acid and bicarbonate are the forms in which carbon dioxide may 
appear in the blood. If all of the carbon dioxide of the blood were 
present in the form of carbonic acid, the blood would be a thousand times 
more acid than it is, and if it were in the form of the carbonate, it would 
be hundreds of times too alkaline. It is through the mechanism for main- 
taining the proper balance of the carbonic acid and the bicarbonate that 
the hydrogen-ion concentration of the blood is kept within its normal 
narrow limits and that the carbon dioxide produced in different parts of 
the body is continually carried to the organs of elimination (lungs or 
gills). 

Buffer Substances of the Blood* — ^Buffers are either weak acids or 
weak bases. They are characterized by the fact that they render solu- 
tions, in which they are present, able to receive additional limited 
amounts of either acid or alkali with much less changes of pH than would 
be caused by adding the same amounts of acid or alkali to water or to a 
solution containing only salts, such as NaGl, which have no buffer value. 
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All the important buffers of the blood, m., the bicarbonates, phosphates, 
and the proteinates of the alkali metals, are salts of weak acids. In 
each buffer, part is present as free acid and part as the salt of a strong 
base. The pH of the blood, then, is determined by the relative propor- 
tions of buffer salts and free buffer acid, respectively. 

The alkali salts which constitute the buffers of the blood serve as 
reservoirs of alkali, a portion of which they give up to neutralized carbonic 
or any other acid that enters the blood. It is in this manner that the 
phosphates, the alkali salts of the plasma proteins, and the hemoglobin 
of the blood act. 

As an example, the case of sodium bicarbonate in solution may be 
cited. The solution of this salt is alkaline because the salt, being one of a 
weak acid with a strong base, is hydrolytically dissociated into H2CO3 and 
NaOH. The NaOH is much more dissociated than the carbonic acid and 
therefore yields an excess of OH ions. So in a solution of NaHCOa con- 
taining CO2 it may be stated that the former confers alkalinity and the 
latter acidity. The hydrogen-ion concentration of the solution as a whole 
would, then depend upon the ratio of the one to the other. If the carbon 
dioxide increases without changing sodium bicarbonate, there will be an 
increased hydrogen-ion concentration. On the other hand, if there is a 
decrease of the carbon dioxide without a change in the sodium bicar- 
bonate, there will be a lowering of the hydrogen-ion concentration. 

The significance of the presence of the bicarbonate in the blood may 
be easily shown. In muscle, lactic acid is produced. Some of this lactic 
acid is diffused into the blood stream. Some of it may be further oxidized 
and converted into carbon dioxide. Such of the lactic acid as is 
diffused into the blood stream enters into combination with the sodium 
bicarbonate and carbon dioxide is given off. In either case the amount of 
carbonic acid in the blood is increased. Also, if the blood be subjected 
to chemical analysis it will be found that there is an actual reduction 
in the amount of the bicarbonate present. This condition of reduced 
bicarbonate is spoken of as acidosis, not because there is an acid action in 
the blood, but because the reserve for overcoming the acidity is reduced. 

Two general laws for buffer action have been stated by Henderson: 

1 . The hydrogen-ion concentration of the buffer solution is propor- 
tional to the ratio of free acid: free salt. Examples of such ratios in the 
blood are the ratio of carbonic acid to base bicarbonate, the ratio of 
dibasic phosphate (Na2HP04) to monobasic phosphate (NaH2P04), and 
the ratio of oxyhemoglobin to the alkali salt of hemoglobin. 

2 . A given buffer is most efficient in maintaining constancy of pH 
when the ratio of the free acid to the basic salt is approximately 1 . 

The bicarbonates are much.less efficient than the phosphates as buffers 
in the blood at the particular pll values which are normal for blood, but 
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they occur much more abundantly in the blood cells than in the plasma. 
Neither the bicarbonates nor the phosphates have their maximum effi- 
ciency as buffers at the normal pH values of blood, but at pH 6.95, which 
appears to be the most acid point consistent with life in man, the phos- 
phates come very nearly to their maximum efficiency. On the other 
hand, the organism has produced in the blood proteins, especially oxyhe- 
moglobin, buffers which are very nearly ideal, having in the case men- 
tioned maximum efficiency at pH 7.7, which is very nearly that of the 
blood. ' 

While the greater part of the phosphates of the blood is to be found in 
the corpuscles, a certain minimal amount occurs in the blood plasma. If 
the blood becomes more acid than normal, more and more of the acid 
phosphate (NaH 2 P 04 ) is formed. This passes through the glomeruli of 
the kidney into the filtrate. The phosphates are so dissociated in solu- 
tion that sodium hydroxide and phosphoric acid (H3PO4) are present in 
the solution. Sodium salts are in constant demand by the living organ- 
ism. On the other hand, phosphoric acid is wanted only in a small 
amount. The kidney tubules are supposed to absorb the sodium in the 
form of the bicarbonate, leaving the phosphoric acid behind in slight 
excess, so that the urine is slightly acid in reaction. If the phosphoric 
acid is present in greater excess than normal in the glomerular filtrate, it 
will be left behind and escape with the urine while a normal fluid will be 
absorbed by the blood. 

It is further found that the carbon dioxide carrying power of the 
oxygenated whole blood is about evenly divided between serum and cells, 
although the serum has only about one-third of the buffer content of the 
whole blood. It also appears that the cell buffers have the power of trans- 
ferring some of their buffer effect to the more poorly buffered plasma, so 
that it, when in contact with the cells, becomes as efficient a carbon 
dioxide carrier as they. The cell buffers are chiefly the phosphates and 
hemoglobin. About 25 per cent of the total carrying power of the whole 
blood appears to depend upon the phosphates and something more than 
70 per cent upon the hemoglobin. Both of these substances do their 
work within the cell walls. Hemoglobin is, of course, because of its col- 
loidal character, unable to pass out of the cells, and apparently the 
phosphates do not do so. 

It has been observed that when carbon dioxide is passed through blood 
there is an increase in the alkali titratable by methyl orange. This is 
presumably in the form of a bicarbonate. Such an increase could be the 
result of a diffusion of alkali out of the blood cells or the diffusion of an 
acid into them. Apparently, small amounts of HCl are formed by the 
action of carbonic acid and sodium chloride, and this diffuses into the 
cells, there to react with K 3 HPO 4 which: is present, in the formation of 
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KH2PO4 plus KCl. The following table from Van Slyke’s review indi- 
cates the possibilities of such diffusion: 


Table 32. — Some Reactions in Bloob 


Plasma 

Cell wail 

Cell 

1 . HjC 03 ,+ NaCl NaHCOs + HCl 


3. HC 1 +-K 2 HP 04 ;=±KH 2 P 04 
+ KCl 

2. H 2 CO 3 + Na Protein ;:± NaHCOj -f 


4 . HCl + KHbO ^ HHbO + 

H protein 


KCl 

' 5. HCl -f KHb ^ HHb + 
KCl 


— > II 2 CO 3 — >• 

6. H2CO3 + K2HPO4 ^ 
KH2PO4 + KHCO3 

7. H2CO3 + KHbO HHbO 
+ KHCO3 

8 . H2CO3 + KHb HHb 4 - 



KHCO3 


Reaction 1 is supposed to account for from two-thirds to three-fourths 
of the total bicarbonate formed in the plasma of the whole blood by a rise 
in the carbonic acid such as to cause a pH change within the normal range. 
The removal of the HCl to the cells makes it possible for the reaction to 
proceed to a measurable degree. 

Reaction 2 accounts for from one-third to one-fourth of the alkali 
bicarbonate formed in the plasma of the whole blood when the carbonic 
acid is increased within physiological limits. 

The amount of bicarbonate formed in the cells in reactions 6, 7, and 8 
is about equal to that formed in the plasma in reactions 1 and 2. And, 
presumably, in the HCl shift from plasma to cell, from two-thirds to three- 
fourths as much Cl is taken into the cells as bicarbonate is formed in them. 
This comes from the fact that reactions 3, 4, and 5 are equivalent to about 
two-thirds to three-fourths of reactions 6, 7, and 8 combined. 

The division between buffer effects of phosphates and hemoglobin is 
an uncertain one, but probably the hemoglobin has about three times the 
buffer value of the phosphates. It is also found that the buffer values of 
oxyhemoglobin and reduced hemoglobin are not the same. Reduction 
of the blood allows it to take up 5.5 volume per cent of carbon dioxide 
without increasing its acidity, since it is taken up in the form of the bicar- 
bonate and thus makes a total carbon dioxide capacity of 99 cc. per 
100 cc. of blood. 

Carbon Dioxide in the Blood of Marine Invertebrates*— Parsons and 
Parsons, following the lead of Winterstein, have made an investigation 
of the carbon dioxide contents of the bloods of some of the marine inverte- 
brates. Winterstein had attempted to measure the gas content of the 
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body fluids of the invertebrates. Later Collip made a determination of 
the alkali reserve^ or total alkali available in the body fluids of some of 
the invertebrates. Parsons and Parsons have attempted to plot out the 
complete carbon dioxide dissociation curves of the bloods of some of the 
larger and more common invertebrates found in the Mediterranean Sea 
at Naples. They found that the plasma of the blood of Ascidia contains 
decidedly less carbon dioxide than is dissolved in the sea water at the 
temperatures studied. The blood of the mollusk Aplysia is not appreci- 
ably different from the sea water in its carbon dioxide content. The 
bloods of Octopus and of Palinurus have a much greater carbon dioxide 
content than the sea water and appear to be especially adapted for carry- 
ing this gas. The amount of carbon dioxide taken up by the bloods of 
Maia, PalinuruSj or Octopus at any given tension of the gas is, in general, 
about two or three times that taken up by the sea water under the same 
conditions. 

The authors show that at low carbon dioxide tensions the dissociation 
curves are steeper than at higher tensions and that the animals make use 
of that portion of the curve in which there is involved less change in the 
reaction of the blood through the taking up of carbon dioxide (Fig. 14) . 
The pH of the blood of invertebrates appears about the same as that of the 
vertebrates (except in the tunicates). The blood of the invertebrates 
contains more sodium bicarbonate than does the sea water. The blood 
proteins (hemocyanin and others) act as weak acids and expel carbon 
dioxide from the blood at the low tensions which include the physiological 
range. The acid-neutralizing power of the blood of the invertebrate is 
roughly proportional to its protein content. In the invertebrate blood 
the proteins occur as sodium proteinates, which are capable of giving 
up sodium for the transport of carbon dioxide in the form of sodium 
bicarbonate. 

Carbon Dioxide Tension of Fish Blood.— The CO 2 tensions of fish 
bloods are quite variable, as indicated in the following table: 

Tjuble 33. — Carbon Dioxide Tensions of Fish Blood 

Volume Per Cent 


Cypiinus 45.2 

Salmo 24.6 

Leucisciis 18.3 

Pseudomoner canthus 9.7 

.Mustelus.'. v. 

Candina 8.5 

Area 6.3 


D. THE COAGULATION OF THE BLOOD AND PHAGOCYTOSIS 

One of the most interesting and significant phenomena associated with 
the internal medium of the living body is the manner in which insurance 
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against loss of fluid is attained in various forms. In this regard there 
seems to have been a very definite evolution. The examples cited will 
give sufficient evidence that this is true, although they may not clearly 
indicate all of the steps in the evolutionary course. 

By coagulation is meant the change from a liquid to a gelatinous 
condition which takes place in the blood when it is shed from the blood 
vessels. In the very lowest forms in which a definite circulating fluid is 
found there is certainly no evidence of any provision in the composition 
of the blood w-hich might lead to the formation of a blood clot. In the 
higher forms such a provision is made in one or another form. 

The perivisceral fluid of the sea urchin is a fluid of a specific gravity 
similar to that of sea water. In this fluid are numerous amoeboid cor- 
puscles which, when the blood is shed from the body, tend to collect and 
to send out long pseudopods which become entangled, finally merging 
the cells into a homogeneous mass. This mass then sends out long 
pseudopods and entangles all the corpuscles within reach and draws them 
into itself in such a way that a large plasmodium is formed which soon 
differentiates into a transparent ectoplasm and a granular entoplasm. 
The coagulation here seems entirely a function of the cells and not of the 
plasma at all. 

In the mollusk Cardium norwegicunij Drew observed the agglutination 
of the corpuscles due to contact with foreign bodies. Apparently, 
when a corpuscle has adhered closely to some surface, it develops the 
power of adhering to any other corpuscle with which it may come into 
contact. This condition does not exist in freshly drawn blood. Two 
corpuscles that have adhered may separate; when this occurs a very fine 
strand (sometimes invisible) is left connecting the two cells. This strand 
may serve as an entanglement to other corpuscles. The corpuscles at 
either end of the strand may travel along the strand and appear to 
become merged in it. The strand contracts upon standing and with 
such force that two original masses of agglutinated corpuscles may finally 
become merged into one. The agglutinated corpuscles appear more or 
less structureless and very much resemble a mass of fibrin. 

In the blood of limulus, the appearance of fibrin as a definite com- 
ponent of the blood has for the first time been mentioned. It is to be 
noted, however, that in this case the fibrin is not a component of the 
plasma of the blood, but of the corpuscles, and as such is present in 
relatively small amount, owing to the comparatively small amount of the 
corpuscular material of the blood, 

Howell gave, some years ago, the first account of the coagulation of 
the blood of limulus, which, while not so detailed as the explanations 
and accounts at present available, certainly is a record of careful and 
accurate observation. The corpuscles, after the blood has escaped from 
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the blood vessels/ almost immediately send out processes which unit® 
with other corpuscles or with the pseudopods coming from them: By 
the shortening of these filaments the corpuscles are brought together into 
a more or less compact mass. Howell states that in its most important 
properties of solubility the fibrin of limulus resembles that of the ordi- 
nary mammalian blood, although it is composed directly of corpuscles. 

From the work of Leo Loeb and Alsberg and Clark it appears that 
HowelFs observations were in the main correct. When limulus blood is 
shed, there is a definite agglutination of the corpuscles, and the same 
effect may be produced if heat-coagulated proteins are introduced into 
the body of a limulus. The blood cells gather about any solid foreign 
body and form a thrombus-like mass. The coagulation seems, then, to 
consist of an agglutination of the blood cells and of the cell protoplasm 
when it has left the cell body. Fibrin or fibrinogen does not seem to be 
present at all in the plasma of limulus blood or in the blood of any 
invertebrate lower in the animal scale than the Crustacea. The insol- 
uble material which forms the substratum of the clot is termed eeS 
fibrin. There is no evidence whatever that it is in any way allied with 
the fibrin found in the blood of the higher animals. It is an albuminoid 
substance and related to the glutin or elastin groups, probably the former. 
Such a substance has not often been found in an invertebrate. 

The bloods of the Crustacea show a distinct evolutionary advance 
in the matter of the method of conservation of body fluids. Tait has 
distinguished three modes of coagulation: 

1. Simple agglutination of the blood corpuscles without any subse- 
quent jellying of the plasma. This is probably the most primitive and 
essential device in both invertebrates and vertebrates for procuring arrest 
of hemorrhage from a wound. This method appears in Cancer pagurus, 
Maja, Squinado, the spider crab Inachusdorh 3 mchus, Macropodia, Eos- 
tratus, etc. 

2. Agglutination of corpuscles with subsequent general jellying of the 
whole mass. This form of coagulation appears in the genera Carcinus, 
Palaemon, Portunus, and Homarus. 

3. Jellying of the plasma in two successive stages, the preliminary 
cell agglutination being relatively insignificant. The first plasma coagu- 
lation consists of localized (primitively globular) clots which occur around 
or in immediate relation to special blood corpuscles originally discovered 
by Hardy (1892) and called by him explosive corpuscles. At a later 
stage a second jellying takes place which this time involves the whole of 
the remaining plasma. This is the most advanced coagulative condition 
found among the Crustacea and occurs especially in Paliiiurus and Asta- 
cus and among the isopoda. It also occurs in the amphipod (yammarws 
locusta but is not found in some others of the same genus. 
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The third form or type of coagulation as found in Astacus and others 
of the higher Crustacea is of such interest as to warrant a somewhat 
more extended account. The phenomena accompanying coagulation 
are very difficult to follow without the aid of stains. When a fresh drop 
of blood of the crayfish Astacus is placed upon a glass slide, there occurs 
within a few seconds a very complete cytolysis of the explosive cells. 
If, then, there be allowed to run under the cover glass of the preparation 
a drop of iodine solution, it will be seen that the nuclei of the explosive 
cells are embedded in strands of fibrin which run in the direction taken 
by the iodine current. If left for a longer time before the mixing of the 
fixing and staining fluid, it will be seen that each of the nuclei of the 
explosive cells is at the center of a circular island of coagulum. Whether 
the fibrin appears in the form of threads or of islands, it is supposed in 
each case that the fibrin owes its origin to the escape from the explosive 
corpuscles of a thrombin, which then affects some coagulable substance 
in the plasma. It evidently requires some little time for the soluble 
material or thrombin of the corpuscle to diffuse from the cytolyzing cell. 
If in the meantime a current be set up in the plasma, the thrombin will be 
carried away in stream lines. If the plasma be undisturbed by currents, 
the substance given off by the cell will diffuse almost equally in all direc- 
tions and give origin to the so-called island. The coagulum has no 
tendency to spread or to enlarge its boundaries. This fact seems to be 
an argument for the idea that there has been a using up of material 
derived from the cell in the formation of the clot. The thrombin cannot, 
therefore, in this case be considered as a ferment in the true sense of the 
term. It is probably correct to say that a fixed quantity of the thrombin 
is incapable of coagulating an indefinite amount of the plasma. Under 
special conditions the fibrin threads may be found to reach for consider- 
able distances from the cells (at least mm.). 

Some 20 to 30 minutes after the first coagulation of the blood, the 
second or thigmocyte coagulation occurs. The cytolysis of the thigmo- 
cytes is somewhat delayed, but when it does occur, there is thrown into 
the plasma a new supply of thrombin which acts in the same way as that 
first given off by the explosive cells. There is formed about the remains 
of the thigmocyte a coagulum of the same character as that first formed 
about the remains of the explosive cells. 

No production of thrombin by the amoebocytes has been determined, 
nor has anything been seen to indicate a causal relation between them 
and the formation of a clot. 

The cause of the liberation of the thrombin by the cells is held to be 
due to the contact of the blood with a nongreasy material This sets 
up a cytolysis of the more sensitive elements of the blood. When the 
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blood is kept in liquid paraffin after removal from tbe blood vessels, these 
cells remain intact and no coagulation occurs. 

Zoological Significance. — ^The various categories into which the Crus- 
tacea fall according to the type of blood coagulation do not coincide with 
zoological groupings. Among the decapods all three kinds are found. 
It is very doubtful if, as yet, sufficient information has been piocured to 
justify using blood coagulation as a means of deciding relationships 
among the Crustacea. In all the invertebrates except the arthropods 
the only form of coagulation known to occur is an agglutination of the 
corpuscles. There is no jellying of the plasma. In arthropods alone is 
there a true jellying or solidification of fibrinogen normally present in the 
plasma. Among the Crustacea are all 
possible gradations of the process from 
complete absence of jelly, as in spider 
crabs, to the occurrence of a very firm 
jelly coagulation, as found in the lobster 
and rock lobster. It is also found that 
the jellying process, when present in 
what is possibly its most developed 
state, is associated with the presence of 
corpuscles having special physiological 
attributes. 

Frog’s Blood. — ^The blood of the frog 
(Fig. 19) contains, in addition to the 
usual array of red and white corpuscles, 
certain specialized cells known, from their 

shsbve.sis spindle cells. These are present ^ > 

normally in the blood to the number of blood photograpbed by dark-fieid 
about 16,000 per cu, mm. (There are illumination, 
about 7000 leucocytes per cubic millimeter in the same blood.) These 
spindle cells are very unstable and are not found in frog blood which has 
been shed for any length of time, unless special precautions are taken. The 
spindle cells may be rendered less liable to disintegration upon extrav- 
asation if some anticoagulant, such as sodium fluoride, is added to the 
blood. This can be done by injecting into the dorsal lymph sac 1 ce. 
of a 1.2 per cent solution of sodium fluoride in 0.6 per cent sodium 
chloride. The frog is then placed in a bath of chloroform water, and 
after 10 minutes the animal is removed and the blood collected for 
examination. The spindle cells are elongated, one end usually tapering 
and ending in a pointed tip, while the other end is shorter and more 
blunt. The long axis of the cell is not always straight. The cell is 
flattened from side to side, and one edge is likely to be thicker than the 
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other. The nudeiis of the cell is a long shadowy structure near the blunt 
end of the cell The cytoplasm of the cell is hyaline or finely granular, 
and stains irregularly and never deeply. Sometimes the spindle cells 
become more elongated; having the nucleus at the broad end of the cell 
and the other end reaching out in a long tail, two to three times the 
length of the nucleus, and bearing at its end a small knob. These 
spindle cells appear analogous to the thrombocytes found in other bloods. 
They do not cytolyzie so long as the blood is kept on solid parafiin but do 
break up when brought into contact with glass or other water-wettable 
substances. They have the same specific gravity as the blood plasma 
and cannot, therefore, be centrifuged out of the blood as can the eryth- 
roc3rtes and leucocytes. They can, however, be removed from centri- 
fuged plasma by filtering it through charcoal 

Coagulation of Frog’s Blood— The coagulation of the frog’s blood 
occurs in two phases. When this fact was first observed, it was thought 
that this process is comparable with the process of coagulation which 
occurs among the Crustacea. The resemblance has been found to be, 
howwar, only a superficial one. 

The first stage of coagulation is characterized by the appearance in 
the blood of minute, disk-like islands, here and there in the blood plasma. 
These islands settle to the bottom of the container, but do not adhere to 
each other or to the dish. The smallest of them are invisible to the 
unaided eye, but the largest are as large as the head of a pin. This 
first stage of coagulation is found not to be made up of areas of localized 
coagulation about the remains of one or more spindle cells. Each island 
consists of a central mass of red cells, surrounded by a zone of cells, most 
of which are spindles. The island is built up by an original clumping 
of five or six spindle cells. Gradually the group increases in size through 
the addition of more spindle cells. The cells occupying the center of 
the mass lose their spindle form, becoming shorter, broader, and more 
or less rectangular in outline. The cytolysis which is the characteristic 
feature of clot formation among the Crustacea does not occur. 

Plasma freed of thrombocytes readily clots when tissue extract 
containing thrombokinase is added but will not clot spontaneously 
simply through contact with glass. The sequence of events in normal 
coagulation appears to be as follows: The thrombocytes coming into 
contact with some unusual surface, such as glass, or tissue cells, etc., 
disintegrate. As a result of this disintegration, thrombin is liberated. 
The thrombin (apparently the equivalent of unruptured thrombocytes) 
then acts upon fibrinogen of the blood plasma and induces the coagu- 
lation of the whole plasma mass. . Tait contends that the terms pro- 
thrombin and thrombogen might well be replaced by unruptured 
thrombocytes.” 
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After these island masses have become well established— a process 
which may involve considerable time — a jellying of the whole mass of 
the plasma soon follows. The details of this portion of the process of 
coagulation have not been fully worked out. 

Coagulation of Mammalian Blood. — ^When blood from the blood 
vessels of one of the higher animals is shed into a glass dish, it changes 
within a few minutes from a liquid condition to a more viscous liquid and 
then to a jellydike form. The rapidity with which the process takes 
place and the degree of consistency of the jell produced vary greatly in 
different species of animals and sometimes even with animals of the same 


species. Frequently the blood in a beaker will, within a few minutes, 
become so thick that the container can be inverted without any loss of 
blood. The clot or coagulum sets more and more firmly and at the same 
time begins to contract. As it contracts it squeezes out from itself a vari- 
able amount of a clear yellowish liquid, called blood serum. The essential 
portion of the clot is the fibrin (Fig. 20). This is a stringy, insoluble 
protein, not found in normal blood. It can be shown that this sub- 
stance can be and is formed from a soluble substance of the blood plasma, 
the fibrinogen. In ordinary microscopical preparations the fibrin 
appears to be deposited in the form of longer or shorter threads, frequently 
leading from one leucocyte or platelet to another, and forming a net- 
work in which the red corpuscles or er 3 rthrocytes are caught. Upon 
examining coagulating blood upon a slide by means of the ultramicro- 
scope, it is possible to see, in addition to the threads of fibrin, small island- 


Fig. 20, — Photograph by dark-field illumination of coag ulum of huni an blood. The 
network consists of fibrin filaments reaching across spaces in the plasma between masses 
of red corpuscles. At L is shown a large polymorphonuclear leucocyte. 
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like masses of coagulum developing about the remains of some of the 
colorless corpuscles. 

According to Dr. Howell the apparent fibrin threads are in reality 
very fine needle-shaped crystals, which ultimately form a dense mesh- 
work. Examination of the fibrin of a fibrin gel by X-ray crystal meth- 
ods, such as are used in the examination of ordinary crystals, fails to 
shoiv the diffraction patterns characteristic of other crystals. Fibrin 
which has been secured by adding calcium chloride to oxalated plasma 
gives a diffraction pattern, but this pattern has been shown to be that of 
crystalline material in association with the fibrin and not that of the 
fibrin itself. 

Many suggestions have been made as to the nature of the phenomena 
involved in the coagulation of the blood of the higher forms, but none 
has received unanimous support. The phenomenon of coagulation is 
primarily a change of one of the colloidal constituents of the plasma 
from the sol to the gel condition. 

In the discussion of crayfish blood, there was mentioned a type of 
blood corpuscle, the thigmocyte, which displays remarkable instability 
when brought into contact with glass or similar substances. The same 
term may be applied also to the mammalian blood platelets, the thrombo- 
cytes, since these cells exhibit the same tendency to be stretched out by 
capillary forces upon glass or other water-wettable surface until they 
disintegrate. Upon cytolysis thrombin is given to the blood. 

The blood plasma contains, among other things, a soluble protein 
known a>s fibrinogen. According to Howell, the clotting of mammalian 
blood takes place in two stages: (1) the formation of thrombin from ante- 
cedent substance existing in the body; and (2) the action of the thrombin 
on fibrinogen whereby fibrin is formed and deposited as a gel or clot. 
Prothrombin, which is normally present in the blood plasma (or in the 
protoplasm of the blood platelets), is supposed to be converted into 
thrombin by the action of calcium alone. In the circulating blood the 
activation of the thrombogen or prothrombin does not take place because 
of the presence of an inhibiting substance, antithrombin, in sufficient 
amounts to prevent the reaction. When blood is shed, the tissue cells 
of the blood platelets furnish a substance, cephalin protein, which 
neutralizes the antithrombin and thus permits the calcium to react with 
the prothrombin to form thrombin, which in turn reacts with fibrinogen 
to form fibrin. 

The theories of Morawitz and of Fuld and Spiro differ in one very 
important point from that of Howell. They assume the presence of cal- 
cium and of thrombogen in the blood plasma. They also contend for the 
existence of a substance, thrombokmase, which is produced by tissue cells 
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and by some of the cellular elements of the blood, particularly the blood 
platelets. According to this theory the reactions are as follows: 

Cellular elements give up thrombokinase. 

Thrombokinase plus calcium plus thrombogen = thrombin. 

Thrombin plus fibrinogen fibrin. 

It is to be noted that the central action in the theory as stated is 
one of an enzyme type induced by the kinase. Authorities are not 
at all agreed that such a thing as an active ferment exists in the blood. 
In case the thrombokinase is not a substance of the ferment type, the 
theory falls. 

The following diagrams summarize in brief form the theories of Howell 
and of Fuld and Spiro as to the manner in which the coagulation takes 
place. 


Howell's Theory of Coagulation 
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Phagocytosis.— One of the most important functions served by blood 
cells is the ingestion of foreign particles. This habit is apparently a 
direct inheritance from ancestral forms of cells and would naturally be 


:i74 ' ' TEXTBOO'K OF ' OOMPAEATIVE FEYSIOLOGY ; 

expected: to' occur in cells bo ■ little differentiated as white corpuscles* 
Among the higher aiiinials this property has become highly specialized as 
a means of protecting the organism against the attacks of disease germs. 

When foreign particles are ingested by blood cells, several possible 
fates lie before them: 

1. If they are particles of dead material capable of being digested, the 
cells may secrete some digestive fluid, as is done by protozoa, a food 
vacuole may be formed, and the particle may gradually be dissolved. 

2. If the particles are living, the digestive juices of the phagocyte may 
kill them, in which case digestion soon follows. 

3. If the particles are living and prove to be highly resistant, they may 
not be digested but may grow and even multiply within the phagocyte, 
finally to escape within the cell and become distributed throughout the 
organism. 

4. The particle may be indigestible. In this case the cell may carry 
it about for a time but will finally discharge its burden at some point in the 
organism. This is one of the methods utilized by some of the lower ani- 
mals for taking care of excretory matters and in certain cases for the trans- 
portation of food matters. It is also used to some extent in the higher 
animals for disposing of wastes and of foreign materials which collect on 
exposed epithelial surfaces. 

Not only is the work of the phagocytes largely chemical in character 
but the cells are to a large degree controlled in their activities by chemical 
agents. The collection of phagocytic cells at foci of infection is a clear 
case of chemotropism. In this case the stimulating substance is some 
substance produced as the result of the metabolic activities of invading 
disease germs or some substance formed during the breakdown of tissue 
cells. Fenn has shown that the adhesiveness of leucocytes to glass may 
be modified by changing the hydrogen-ion concentration of the liquid. 
Immediately on contact with glass, leucocytes are most adhesive at pH 8 
or above. Agglutination of the corpuscles increases from pH 8 to pH 6. 
The optimum condition for phagocytosis by creeping leucocytes occurs at 
pH 7. The optimum pH for phagocytosis of quartz particles in suspen- 
sion is at about pH 6.7 and increases with acidity, whereas the adhesive- 
ness of leucocytes to glass decreases with an increase of acidity. In many 
cases the taking up of foreign organic particles is conditioned by the 
existence in the blood of an opsonin, a substance which apparently 
renders the particle attractive to leucocytes. If all the instances of 
phagocytosis are similar in mechanism, one may formulate the following 
relationships between opsonins and agglutinins: Both are substances (or 
conditions) that produce adhesion of suspended particles; an agglutinin 
causes two elements of the same variety to adhere, while an opsonin 
produces adhesion between two different elements, one of which, the 
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phagocyte, is skinless (?) and therefore penetrable by the other* From 
this point of view the agglutination of skinless cells, like thrombocytes, 
is a mutual phagocytosis. 

While the white blood corpuscles are the most conspicuous examples 
of cells which act as phagocytes, there are many other cells which also 
exhibit phagocytic power. Among these are the cells of the spleen pulp, 
of lymph glands, nerve cells, neuroglia cells, and certain endothelial 
cells.': 

It has already been pointed out that Tait found in the blood of Ligia 
at least three types of cells — the explosive cells, hyaline thigmoeytes, and 
granular thigmoeytes. The two latter groups show marked thigmotactic 
properties on glass. The granular thigmoeytes are distinedy amoeboid 
in character; the hyaline thigmoeytes and explosive cells expand upon a 
clean glass slide into a thin sheet and are not able then to retract their 
protoplasm. The phenomenon observed in this spreading appears in 
no way different from that seen in the spreading of water over a surface 
to which it adheres. It is a purely physical phenomenon. 

, Tait then found that in the isopod Ligia the hyaline and granular 
thigmoeytes are both phagocytic. In the crayfish it also appeared that 
the hyaline and granular thigmoeytes can ingest particles of carmine, 
India ink, glass, etc., and that the hyaline cells are the more active in this 
regard. Tait calls attention to the fact that, so far as behavior on glass 
is concerned, the mammalian platelets behave as do the hyaline thigmo- 
C3rtes. The strong adhesion manifested by the amphibian spindle cells 
and crustacean thigmoeytes toward glass naturally suggests that the 
process may be a physical one. Accidental contact of particles with the 
surface of the cell would lead to adhesion. The same causes which lead 
to the spreading of the cell substance on the glass may also lead to the 
ultimate engulfing of the particle by the cell substance. Capacity for 
amoeboid movement is not an essential property of the phagocytic cell, 
for the hyaline thigmoeytes are not amoeboid. 

Among the blood cells of the higher animals which act as phagocytes, 
the most important are the microphages, the polymorphonuclear and 
eosinophil leucocytes, and the macrophages, the large hyaline blood 
cells. To these should be added cells of the spleen pulp, endothelial 
cells, and neuroglia cells. The microphages appear to be most concerned 
in combating acute infections, whereas the macrophages have to deal with 
chronic infections. 

It is interesting to note that there is a great deal of difference in the 
phagocytic activity of corpuscles with reference to such substances as 
carbon and quartz particles, the former being ingested much more rapidly 
than the latter. The temperature coeflacients for the phagocytosis of 
these inert particles increase rapidly below 30\ 
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Fenn has made an elaborate investigation of the phagocytosis of solid 
particles. His fundamental concept was that the taldng up of the 
foreign particles b 3 ^ the white blood cells can be explained upon purely 
physical grounds, and the number of particles ingested by the cells 
follows definite mathematical laws. Previous investigators had taken 
the position that the factor which determined how many particles will 
be taken up by the cells is the number of actual collisions which take 
place between phagoc 3 rtic cells and suspended particles. Fenn contends 
that it is the chance of collision which is the determining factor. In 
determining the actual rate of phagocytosis, it was found best from time 
to time to remove samples of the suspension to a counting chamber 
and to make determinations of the numbers of the particles not ingested, 
rather than to attempt to determine the number that had been ingested. 
The suspensions for this work are made up with a great deal of care to 
have the particles of as nearly uniform size as possible. The chances of 
collision between the cells and the particles are determined mathemati- 
cally and vary with the speed at which the liquid is stirred, the velocity 
of movement of the leucocytes and their size, and the size of the particles. 
The density and viscosity of the liquid must also be taken into account. 
The measure of phagocytosis is the percentage of the collisions occurring 
between cells and particles which result in ingestion. In any one experi- 
ment the number of cells is constant, and the relative number of collisions 
is proportional to the number of particles. 

Fenn has made a study of the effects of temperature upon the phago- 
cytic reaction. In this connection he has made an analysis of data given 
by Madsen and Watabaki and shows that there are probably three 
different reactions involved in the phagocytosis of bacteria. These are: 

1. A preparatory reaction represented by the latent period during 
which the leucocytes originally inactive are rendered active. 

2. A lethal reaction which injures the leucocytes so that they are 
again inactive. 

3. The phagocyte reaction proper. 

These reactions may be shown diagrammatically as follows: 

Let C be a blood corpuscle CB a corpuscle containing bacteria. 


( 1 ) 

Qio = 2.3— 2.6 
^ Preparatory 


reaction 
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Fenn finds that the rate of phagocytosis is a logarithmic fiinctioii of 
temperature from 0 to 33° and that the value Qu = 2.0 is applicable over 
the whole range when the ingestion of bacteria is concerned. 

Fenn discusses the part which surface tension may play in the taking 
up of solid particles by the cells. He shows mathematically that: 

1. If a cell spreads to infinity on a flat surface of G, it will completely 
ingest a particle of (j. 

2. If a cell does not stick to a flat surface of (?, a small particle of C? 
will not stick to the cell. 

3. If a cell is partially spread out on a flat surface of G, a particle oi G 
will be partially ingested. 

The relative surface energy has been calculated at various stages in 
the ingestion of a solid particle by a fluid cell with a diameter four times 
as large as that of the particle, and it is shown that no particle will be 
ingested until the surface tensions are such that the cell would spread to 
infinity on a flat surface of the same substance. The adhesiveness of 
blood cells to solid substances is shown to be a pure surface-tension 
phenomenon, but in most reactions between living cells and solid bodies 
the fluidity of the protoplasm is also a factor of prime importance. The 
frequent occurrence of adhesiveness as a property of cells in contact with 
solid bodies is due to the fact that by so adhering the surface area of the 
cell not in contact with the solid is decreased. 

Disease-resisting Functions of Blood. — very important series of 
functions of the blood has been much studied in the case of man and some 
of the higher animals, the disease-resisting functions. Almost nothing 
is known concerning these functions in the lower animals. It is very 
reasonable to suppose that the reactions to disease germs of the higher 
organisms, resulting in the productions of agglutinins, opsonins, and 
antitoxins have had a gradual evolution, though at present we have no 
indication of the nature of the evolutionary processes or the steps which 
have been involved. 

As an example of investigations which have been carried out upon 
lower forms of animals, there may be mentioned the studies of Porchet 
upon immunity reactions in invertebrates. This investigator made use 
of Mycobacterium aquae ^ which is readily cultivated on glycerine-glucose 
potato, egg, etc., forming a thick orange-colored growth. In warm- 
blooded vertebrates, this bacterium causes local abscess formations 
upon inoculation but does not become generalized and is rarely fatal. 
Because of its acid fastness, it lends itself to microscopical demonstration 
and to the study of the phenomena of lysis and phagocytosis. When this 
bacterium is inoculated into invertebrates, it sometimes invades the 
organs and may cause death. In the animals dealt with, two processes 
occur: phagocytosis by cells, and extracellular bacteriolysis. Neither 
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•Teactioa occurs exclusively, but sometimes one, sometimes the other, 
predominates. In the earthworm (Lumbricus terrestris) the reaction is 
mainly phagocytic and is well marked a few hours after inoculation. 
It is accompanied by extracellular lysis, which is manifest later as a 
secondary phenomenon. The organism is pathogenic, the worms dying 
some days after inoculation. Among leeches, in the forms possessing 
^^Jaws” and secreting hirudine Hirudinea medicinalis) ^ no reaction 
occurs ill the body cavity or in the muscular layer. In the digestive 
tract at the level of the vent, the bacilli undergo lysis in 12"24 hours. 
In leeches without ^^jaws^^ and hirudine {e.g., Nephelis vulgaris), there 
is a tardy reaction with extracellular lysis. In Arthropoda (crus- 
taceans, insects) the reaction is very constant. At first extracellular 
lysis is marked, followed later by phagocytosis of the degenerate organ- 
isms. Among flies {e.g., Caliophora erythrocephala) transmission of the 
bacilli from the larva through the nymph to the perfect insect was 
observed. In the cockchafer, the organism is pathogenic, and the bacilli 
undergo extracellular lysis, exceptionally accompanied by phagocytosis. 
Among Mollusca (Arion, Limax, Helix) for which the organism is not 
pathogenic, the reactions are indistinct and feeble as compared with 
those in the previously named groups. In some instances phagocytosis 
is active; in others it appears only as a secondary phenomenon after 
previous lysis. 


CHAPTER VIII 

CIRCULATIOIT OF BODY FLUIDS 
A. CIRCULATORY MECHAHISMS 

Attention lias already been directed to the fact that a circulating 
medium is an absolute necessity in the multicellular animals in order to 
provide that each cell shall receive its due share of oxygen^ and food sup- 
plies, and that its wastes shall be removed. The earliest and lowest of 
the multicellular animals had their bodies more or less opened to access 
by the medium in which the animals lived. Such is the condition existing 
in the bodies of the sponges and coelenterates of today. As the animal 
bodies slowly increased somewhat in complexity and as the internal body 
fluid came to be more or less shut off from communication with the outer 
medium, there came to be a need on the part of the organism for several 
different mechanisms. One of these is a mechanism for the secretion of 
the internal fluid. Another is a mechanism for the production of the 
various sorts of cells which are to become a part of the internal fluid. Still 
another is a mechanism for bringing about a circulation of the fluid, and ’ 
still another is a mechanism for regulating the flow of the fluid through 
the animal body. 

The mechanism for the secretion of the internal fluid is in part at 
least the epithelium of the alimentary tract. The epithelium of gill 
structures may also be involved to a certain extent in water-living ani- 
mals. Associated with the digestive epithelium there is also the epithe- 
lium of the various forms of excretory organs which have to do with the 
regulation of the water content of the body, the alimentary organs and 
the excretory organs working against each to a certain extent. 

In the lowest of the metazoa there is no special organ set aside for the 
production of blood cells. The cells which appear in the blood or other 
body fluid are simple mesoblastic cells which have become broken away 
from the walls of the vessels in which the body fluid circulates. Higher 
up in the animal kingdom there are set aside special glandular structures 
whose business it is to form and pass on into the blood stream the various 
kinds of cells to act as scavengers, etc. 

Circulation among Protozoa. — It does not seem possible to say that 
in the protozoa there is any such thing as a circulatory mechanism, and 
yet there is a distinct and definite inoveiaent of the protoplasm in a more 
or less weU-defined circuit. It is not known how this flow of the proto- 
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plasm is maintained. The movement of the protoplasm in animal cells 
is no doubt veiy similar to that of plant cells, which has been described 
many times as streaming movements. This movement of the protoplasm 
serves to bring food vacuoles, with their content of food material in the 
process of digestion, into contact with all parts of the protoplasm. As 
the vacuole moves along, the various products of digestion are given off 
from it, so that all parts of the protoplasm have the opportunity to pick 
up such substances as may be needed for their use. 

Circulation among Sponges,— Among the sponges the sea water is, of 
course, the circulating fluid. There is nothing in the nature of a blood 
system, but there exist channels, through which the water is passed freely, 
being kept in slow progressive movement by means of certain fliagellated 
cells which line the radial water channels. That the flagella move with 
a considerable force is seen from the fact determined by Parker that there 
is developed in the cloacal chamber a pressure of from 3.5 to 4 mm. of 
water in the case of Stylotella, and somewhat less in the other forms 
which he studied. The amount of water which could be passed through 
the sponge body in the course of a day is very considerable. Parker 
determined for Spinosella the volume of water and the rate at which it 
flows through the osculum. The rate in the particular case studied was 
nearly 4 mm. per second and the amount of water discharged was about 
0.9 cc. per second. At this rate the amount of water discharged in the 
course of a day would be some 78 L Parker calls attention to the fact 
that a specimen of this sponge studied may have as many as twenty 
oscula. Such a colony of sponge might pass through its body in the 
course of a day as much as 1575 1. of water. 

Role of Coelomic Cilia in Worms.— Ciliation of the coelomic cavities 
occurs in a number of species of worms of the genera Phascolosoma, Aph- 
rodite, and Nephthys, and these cilia play a part in the circulation of the 
body fluids. The details of ciliary distribution and direction of effective 
stroke vary in the different forms which have been studied, but in each 
case it seems probable that this ciliation is a primary character which 
served to cause the circulation of body fluid for respiratory and nutritional 
purposes in the original annelid ancestors. Similar conditions of ciliation 
occur also among the Echinodenns. Here the patterns of ciliation and 
the directions of ciliary currents have been studied, not only for their 
significance in respiration and nutrition, but also for evidence as to the 
phylogenetic relationships of different echinoderm groups. 

Factors Involved in &e Evolution of Vascular Systems. — Passing from 
a consideration of the conditions existing among the sponges and less 
specialised worms to those which exist in higher forms of animals, a little 
speculation as to how the latter have come to be developed is only 
natural. As the bodies of the multicellular animals began to be more or 
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less closed to the outer medium and there came to be an internal medium 
as distinguished from the outer, there arose a tendency on the part of the 
animals to form within themselves more or less definite channels along 
which the internal fluid might run. Whether these channels were laid 
down as a form of response to a demand upon the part of the organism or 
whether the animal made use of chance variations in its internal structure 
for directing the flow of the liquid medium here and there in the body 
is a question which is not yet settled, and which requires no particular 
concern at present. Dahlgren and Kepner in Principles of Animal 
Histology have suggested certain possibilities as to the formation of 
distributing channels throughout the animal body. In the early stages 
of differentiation, these channels in the body substance had no other 
boundaries than the mesodermal cells among which they had come to lie. 
Some of the mesodermal cells would even become detached from the body 
mass and float freely in the liquid. Such cells might become blood 
corpuscles or might be used in forming definite walls of the vascular 
passages. An early type of differentiation was that which resulted in 
the formation of one or more long tubules or cavities running lengthwise 
of the body and from which branches might extend into any existing 
appendages. In such chambers the liquid was moved about by the 
general muscular movements of the body, but there was no definite 
circulation in any fixed direction. 

A little later, as spaces with definite boundaries came to be developed 
in the animal body, there was a prophecy of lymph spaces and of blood 
capillaries. As these vessels became distinctly marked off, there came to 
be developed along the walls contractile fibers which could impart a 
rhythmic activity to the wall and so aid in the propulsion of the fluid 
contained within the tubule. The lymph capillary may therefore be 
thought of as the earliest type of vasculomotor apparatus. Such lymph 
spaces, irregular in form, and branching and anastomosing in an irregu- 
lar manner would penetrate to all parts of the organism and so make 
possible the direct nourishment of all somatic cells. 

The blood capillaries, small tubes made up of endothelial cells anas- 
tomosing freely with each other, may have been next in appearance. 
The endothelial cells forming the walls of the blood capillaries may 
themselves have been contractile and so have served in a measure to 
assist in regulating the flow of the body fluid to this or that portion of the 
body. Early in the history of these vessels muscle fibers were laid upon 
the endothelial cells. When this was accomplished, the tubules were in 
condition more effectively to regulate the flow of blood through the body. 
This regulation could not, however, be very satisfactory until the muscle 
fibers had nervous connections. It will be pointed out in another con- 
nection that the nervous mechanisms of the lower organisms take the 
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form of nerve nets, consisting of very primitive nerve cells, arranged more 
or less in the form of a network, and provided with processes which pass 
to other similar cells and to muscle cells. This was the type of structure 
which very early became associated with the muscle cells of the capillary 
walls. Such a network serves two prime functions: It acts, first, as a 
receptor of impulses, and, second, as a structure for giving rise to motor 
impulses. When the smaller blood tubes became equipped wdth muscle 
fibers under nervous control there existed a mechanism for controlling 
the caliber of the blood vessels under various conditions. 

Follo'vving the equipment of the smaller blood vessels with muscle 
cells and nervous control, and probably coincident with an increase in 
the mass of the whole organism, there came a spreading of muscle and 
nervous tissue over one or more longitudinal tubes and the taking on of 
more or less regular rhythmic contractions which would have the effect 
of forcing the blood along definite pathways. Such an arrangement is 
seen in the well-developed dorsal blood vessel of the earthworm. 

Vascular Development and Physiological Demand, — The later 
development of the vascular apparatus was coincident with certain 
physiological demands. It is almost impossible to tell what is cause and 
what is effect. The development of the metazoan forms involves 
increase in size, in body mass. Every increase of body mass, i.e,, 
increase in the number of cells included within a single living organism, 
must include a corresponding increase in the system involved in furnish- 
ing oxygen and foodstuffs to the cells. There must be a correlation 
betw’'een active body mass and available oxygen and food supply (oxygen 
and food supply for the cells). As the mass of the body increases, there 
may be simply an increase in the amount of fluid within the body. Such 
an increase involves increase in the bulk of the organism, and in the case 
of a massive animal would not be effective unless some means of keeping 
the body fluid in motion were also developed and unless the fluid came 
into close association with all the cells of the body. If some means can 
be developed for keeping the body fluid in movement, a smaller amount 
of it will suiEce than if it is allowed to be stagnant. The correlations may 
be expressed in another way as being the ratio of : 

Active body mass to body fluid mass. 

Active body mass to width of capillary bed = intricacy of capillary network. 

Active body mass to rate of blood flow? involving development of motor apparatus 
Active body mass to blood pressure i and peripheral control. 

The active body mass of the organism depends not only on the number 
of cells composing the organism but on the rate at which those cells are 
caiTying on their metabolic processes. 

Types of Vascular' Apparattts.“-rlt". is -impossible here to describe in 
detail the circulatory systems of the different animal groups. It must be 
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assumed that the reader is familiar with the main types of circulatory 
apparatus as they appear among both invertebrates and vertebrates. 

For convenience a few figures are introduced here which may call 
attention to the definite evolution which has occurred in the development 
of the vascular apparatus of the higher animals. 



Fig. 21. — Diagram of the circulation of Fig. 22. — Diagram of the cir- 

the snail Aplysia. Ht, heart; G, gill; A, culation of Palaemon squilla. 

artery; O, ending of the arteries and the heart; Ar\ artery; Ca?:?, capillary; 

great sinus; S, sinus, L, blood lacuna; (r, gill. 

In Fig. 21 there is represented diagrammatically the circulatory sys- 


tem of the snail Aplysia. In this form there is an incomplete tubular 
system such as is characteristic of the Mollusca, The heart consists of 
two chambers, auricle and ventricle. The ventricle propels the blood 
through the arterial system, the fine branches of which bring the blood 
into contact with the most remote parts of the body. At the ends of 
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Fig. 23. — Diagram illustrating the heart and main arteries of the circulatory system 
of the lobster. No attempt is made to indicate sinuses or bronchial vessels. Ant.Ar., 
antennary artery; Oph.Ar., ophthalmic artery; Bep.Ar., hepatic artery; Ht.j heart; Abd.Ar., 
abdominal artery; st.Ar., sternal artery. 


the smaller arteries the blood enters the great sinus S, from which it 
finally passes through the aerating organ G, and thence back to the heart. 

In Fig. 22 there is shown diagrammatically the circulatory system 
of ‘ an arthropod Palaemon squilla. Here again is seen an incomplete 
tubular system. In this case the main artery ends in a system of capil- 
laries. These terminate in lacunar spaces which finally carry the blood 
on to the gills, where it is aerated and from which it passes directly to 
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Figure 23 shows the general plan of arrangement of the arterial 
system of the lobster. Here again is found a system adapted to the 
needs of an animal which does not make a great demand for oxygen. 

The vascular systems of the gammarids are similar to those of other 
Crustacea, consisting mainly of a single chambered heart from which 
the blood is led off through short arteries. The normal frequency of 
cardiac pulsations in the gammarids studied ranges from 285 to 360 per 
minute. When there are no respiratory movements and the number of 
cardiac pulsations is not much below normal, the circulation of the blood 
is due in part to the pressure of the systolic beat which manifests itself 
at the anterior and posterior extremities of the ventral venous sinus 
and in part to the aspiration of the pericardium which makes itself felt 
in the efferent vessels of the appendages. When there are no respiratory 
movements and the frequency of the heart pulsations is low, the aspira- 
tion of the pericardium does not manifest itself beyond the ischial portions 
of the feet. The backward and forward movements of the thoracic and 
abdominal feet, respectively, compress and decompress the ventral 
venous sinus. In normal subjects there is a very clear synchronism of 
the movements of the pleopods and the cardiac pulsations. The forward 
movement of the pleopods is synchronous with the cardiac systole. From 
this synchronism results a decompression of the ventral venous sinus at 
systole, facilitating the progression of the blood driven back by the 
beating of the heart and a compression of that cavity at diastole, causing 
the return of the blood to the pericardial cavity. 

Heartbeat Reversal. — ^As far back as 1669 a periodic reversal in the 
direction of heartbeat in the silkworm Bombyx mori was observed by 
Malpighi. Sitnilar phenomena have since been observed in other 
lepidoptera, in the crane fly (a dipteron) and in some of the ascidians. 
In Bombyx this habit of reversal of heartbeat appears in the cocoon some 
48 hours before pupation and continues until the death of the adult. 
Phases of slow backward beating alternate with forward phases about 
twice as rapid. 

As the animals approach pupation, the average rate of backward 
beating increases till it equals the forward. Except at pupation, the 
rate during any long phase in either direction gradually diminishes. In 
prepupa and young pupa, backward peristalsis starts between abdominal 
segments 3 and 4, in front of which waves run forward. Wholly back- 
ward phases occur thereafter. The average length of all phases is 
doubled in the older pupa, and backward phases continue to be about 
twice as long as the forward. Long pauses between phases occur. 
Phases in the adult are short, nften reduced in old age to single beats. 
Changes due to mating and some extraordinarily long phases have been 
described by Gerould but are not included here. Backward peristalsis 
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serves to irrigate the ^growing ovaries. Reversal is more regular; in the 
female than in the male. The heart upon an excised dorsum maintains 
periodic reversal as long as peristalsis continuesj'this weakens' the theory 
that reversal is due to back pressure. 

The direction of heartbeat in Pac%rma ferruginea can be easily 
observed after removing head, wings, and legs. This amputation has 
little immediate effect, so far as known, on the action of the dorsal vessel, 
clearly visible in abdominal segments 3 to 5. The alternating series 
(phases) of forward and backward beats are remarkably regular, averag- 
ing in the first set of observations 60.5 beats forward, 37,2 backward. 
There is a gradual, but very distinct, slackening in the rate of pulsation 
during each forward phase and an acceleration during each backward 
phase. Ten beats in 7}4 seconds at the beginning of forward phases 
diminish to 10 beats in 10 seconds at the end; backward beating, begin- 
ning with an average of 10 to 103 ^^ seconds, regularly increases to 10 in 
8 seconds. Thus the metabolic rates at the two opposing centers from 
which waves arise were in this case evenly balanced, but, in the same 
headless individual 18 hours afterward, persistent forward and backward 
phases of 30 beats each were observed. More than 500 beats were 
counted. 

In the silkworm the heart begins to beat about 2 days before the 
entrance of air into the trachea. It is at first of low frequency and not of 
definite direction. As air appears in the trachea, the heartbeat becomes 
conspicuous and regular, and its direction becomes constant. Before the 
tracheal system is developed, the same heartbeat is observed in embryos 
in fluid and in air, whereas in older embryos, when the access of the air is 
established by the development of the trachea, the heartbeat differs in 
the two sets of embryos. These facts naturally lead to the conclusion 
that air has a direct relation to the heartbeat. From studies of experi- 
mentally induced reversal, it is concluded that periodic reversal in the 
dorsal vessel takes place without intervention of terminal ganglia. Gen- 
eral acidosis is not responsible for normal backward beating. The 
metabolic gradient of the larval dorsal vessel is never lost but inter- 
mittently neutralized in the prepupa, pupa, and adult by increased 
metabolic action at two other points: the central node (in the young pupa) 
and the aorta with its mesothoracic pulsating vesicle (in the adult). 
These gradients are adaptations to the large influx of hemolymph into the 
dorsal vessel at three principal regions. 

Vascular Apparatus of Bee. — ^The vascular system of the bee (Fig. 24), 
as of other insects, is exceedingly incomplete. There is a tubular heart 
extending through several segments and extending anteriorly from it 
is a long slender artery or aorta. The heart lies in a pericardial sinus 
formed by the shutting off of a part of the body cavity by a transverse 
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has several openings or ostia along sides, These allow blood to enter 
the heart from the pericardial sinus. blood which enters the heart 
through the ostia is prevented from escaping through them, when the 
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heart contracts, by osteal lips which extend inward and forward from the 
openings and which act as valves. Pressure against these valves during 
the contractions of the heart closes them and prevents escape of blood; at 
the same time the contraction of the heart brings opposing valves together 
and so serves to prevent a backward flow of the blood. Concerning the 
circulation of blood in the bee Snodgrass says: 

The circulation of the body liquid and the coui’se it follows through the abdo- 
men may be demonstrated easily by the following method, since the heart and 
the diaphragms continue to pulsate for some time after the other body muscles 
are paralyzed by an anaesthetic or the body dismembered. Pin an asphyxiated 
Dee to a block of cork or paraffin and remove the top of the abdomen by making 
a horizontal incision all around it with a pair of small scissors. Gently pull the 
alimentary canal to one side so as to expose the ventral diaphragm, which will be 
observed pulsating strongly backward. Next cut a small hole in the top of the 
thorax and insert into it a drop of some stain, such as carmalum in a water solu- 
tion. Almost immediately the color will appear in the ventral sinus of the abdo- 
men, where it is forced backward by the wave-like vibrations of the ventral 
diaphragm. From the sinus it goes upward from the lateral openings through 
well-defined spaces between the air sacs and the alimentary canal and particu- 
larly up wide channels against the lateral wails of each segment. It will be 
noted in this experiment that the blood enters the abdomen from the thorax by 
way of the ventral sinus only, and that it has very definite courses through the 
abdominal cavity. 

The dorsal circulation cannot be observed in this same specimen because 
the back is removed. Therefore, take another bee and fasten it in the same 
manner, but now make simply a shallow median slit through the body wall of 
the back so as to expose the dorsal sinus and the heart from above. Insert a 
drop of stain into the thorax as before. After about 2 minutes this vdll appear 
in perceptible amount in the dorsal sinus, very much diluted with the blood, 
but in sufficient amount to give white blotting paper a distinct tint. In a short 
time, however, the heart becomes filled with the stained blood and appears as a 
colored tubular band along the median line. The blood, therefore, driven up 
the lateral and visceral channels of the abdomen from the ventral sinus by means 
of the rearward contractions of the ventral diaphragm, is drawn into the dorsal 
sinus through the openings along its sides by the contractions of the dorsal dia- 
phragm, which expand the sinus. Within the sinus it is driven ahead, along the 
sides of the heart, by the forward pulsations of the diaphragm, and soon it enters 
the heart itself by way of the lateral ostia to be pumped anteriorly through the 
aorta and finally out into the cavity of the head. From the head it makes its 
way backward again through the thorax and once more enters the ventral sinus 
of the abdomen. Thus the blood has a definite and rapid circulation through the 
larger spaces of the body cavity. But it also bathes all the tissues of the body 
and penetrates all the appendages, though it perhaps does not move actively in all 
parts or fiow through the appendages. In many places the interchange of 
nutrient substances and waste products in solution is probably accomplished 
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In Fig. 25 is illustrated that series of changes which marks the evolu- 
tion from the aquatic vertebrate, breathing by gills, through the condi- 
tions represented by the lungfish and the adult salamander to that found 
in the land mammals. Among the changes occurring should be noted: 

1. The more efficient blood supply for the head region. This can 
certainly be correlated with the gradually increasing importance of the 
head end of the animal, and its highly specialized metabolic processes. 

2. The substitution in part or in whole of the lung in place of the gills 
as respiratory organs. This change of respiratory habit naturally 



Fig. 2d. — Diagram illustrating the general course of circulation in: A, Selachian; lung 
fish; C, adult salamander; D, mammal. 

involves changes in the branchial arch blood vessels and leads by gradual 
steps to the definite division of the heart into right and left halves, the 
right side propelling the blood through the respiratory apparatus and the 
left sending the blood through the general somatic circulation. 

Components of Vascular System of Individual. — Conditions similar 
to those which have been suggested as possible in the evolution of the 
vascular systems of the higher animals occur ia the life history of every 
individual. These occur also in living forms along the line from the lower 
metazoa up to the higher conditions of development, which in these 
various adult forms are comparable to some of the developmental stages 
which occur in the life history of an individual. 

In the higher animals th? vascular System consists of: 
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1. Capillaries^—These are endothelial tubes and are usually provided 
with a nerve supply. These tubes branch and anastomose and form in 
the higher animals a very complete network of minute tubes. In lower 
forms this network is less complete and is less effective. There appears 
to be no difference in structure between the capillaries which connect with 
arteries and those which connect with veins. 

2. AHencs.— These are continuations of the endothelial tubes to w^hich 
thick layers of smooth muscle cells have been added, together with some 
connective tissue. There is a progressive increase in thickness of the 
muscle and the connective-tissue lay ei's and in the diameter of the lumen 
of the artery as it passes from the capillary toward the heart. The prime 
function of these vessels is to convey blood from the heart to the capillary 
system. 

3. Veins . — These are tubes which are also continuations of the 
endothelial capillary tubes. They contain in their walls fibrous or elastic 
tissue coats which have been added to the endothelium. On the inside of 
the tube there are specializations of the tissues forming the w^all to make 
valves. There is in the wall of the vein a somewhat more limited amount 
of muscle than in the arterial vessels. The function of these tubes is to 
carry blood from the systemic capillary system. 

In order to keep the fluid medium in active movement there is: 

4. A Heart— This is a modification of a main arterial vessel of such a 
character that by the contractions of its walls the blood is kept in motion 
in a (usually) constant direction. Valves are usually present to direct 
the flow of the blood. In all of the higher animals and in many of the 
lower ones the heart becomes a complex organ upon which is imposed the 
duty of forcing the body fluid not only through the mass of body tissue or 
soma but through the purifying apparatus as well. 

Historical Statement. — ^The existence of heart, arteries, and veins in 
the bodies of the higher animals has been known for thousands of years, 
though the significance of their presence was long unsuspected. There 
probably has been no greater single advance in the history of physiology 
than the discovery by William Harvey of the circulation of the blood. 
This discovery — almost purely a study in anatomy, as contrasted with the 
physical and chemical investigations of the present day — paved the -way 
for an understanding of the processes of nutrition, respiration, secretion, 
and excretion. Harvey had presented some of his views in regard to 
the circulation of the blood to medical students as early as 1615 but did 
not publish- his full account until 1628. This was in the form of a 
communication to the Royal Society of London. In this work he 
demonstrated: 

1. That the heart passively dilates and actively contracts. 

2. That the auricles contract before the ventricles. 
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3. That the contraction of the auricles forces -the blood into ' the 
ventricles* 

4/ That the arteries dilate passively. 

5. That the heart is an organ for the propulsion of the blood. 

6. That in passing from the right ventricle to the left auricle the blood 
transudes, the lung. 

7. That the quantity and rate of the passage of blood through the 
heart, make necessary a return of blood to the heart. 

8. That the blood returns to the heart by way of the veins. 

Harvey was not sufficiently fortunate actually to see the blood passing 

from the arteries to the veins. This was reserved for Malpighi (1660) and 
for Leeuwenhoek (1668). From the time of his report to the Royal 
Society to the present, Harvey^s findings have not been successfully con- 
troverted. Certain additions have been made which render our knowl- 
edge of the facts of circulation more complete. The result of all these 
studies is that it is now known that in almost all animals above the 
coelenterates and lower worms there is some sort of circulation of body 
fluid along more or less definite channels; of such a sort as to carry oxygen 
and food materials to all regions of the animal and to remove from the 
regions of the various tissues the accumulating wastes. 

Incomplete Systems. — ^The vascular systems considered in the 
discussion thus far are such as consist of systems of closed tubes, heart, 
arteries, arterial capillaries, capillaries, venous capillaries, and veins. In 
the vascular systems of some animals, a considerable part of the tube 
system mentioned (particularly the capillaries and veins) is lacking, and 
is replaced by blood sinuses. These sinuses are broad cavities, without 
definite boundaries, in which the blood washes freely the various organs 
and tissues after it has left the open ends of the branches of the arterial 
tree. From these cavities it gradually makes its way back toward the 
heart, being continually forced on from the rear by new supplies of blood 
emerging from the arterioles. As the blood passes back from the sinus 
to the heart it passes through some organ of respiration, in which carbon 
dioxide is removed and oxygen added to the blood. 

Functions of Different Parts of Vascular System. — ^The main object 
of the vascular system is to bring food and oxygen to the body cells and 
to convey away their wastes. The vessels immediately responsible for 
this work are the capillaries. In order to serve the desired ends, the 
capillaries must penetrate to aU most distant parts of the organism and 
come into close association with individual tissue cells. This they do. 
The walls of the capillaries are also thin and permeable so as to serve as 
diffusion membranes. While thin and permeable, they are also suffi- 
ciently strong to bear the tension of the blood stream which is being forced 
, under pressure through the. vessels. 
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Arteries. — -The arterial vessels serve, as channels along which the blood 
travels from the heart to the capillaries. They have a djmamic part to 
play in the matter of the blood flow. Through the elasticity of the fibers 
surrounding the endothelial tube, the arteries force the blood on through 
channels of constantly decreasing diameter. As the blood is forced into 
the arteries by the contraction of the heart, the muscle fibers of the arter- 
ial walls are stretched. The pressure exerted upon the blood by the ten- 
sion of the muscle fibers is Imown as blood pressure. This pressure is due 
to two chief factors: 

1. The peripheral resistance in the smallest arteries and capillary 
system.' 

2. The contraction of the muscle fibers in the arterial wall. 

Primary Function of the Heart. — ^The chief work which the heart has 

to do in the animal body is to force blood into the arteries against the back 
pressure caused by the contraction of the muscle fibers of the arteries and 
arterioles in their attempt to force blood onward through the finest tubes 
of the blood system. This statement appears to apply equally well to 
contractile tubes, such as occur in the worms and cannot truly be termed 
hearts, and to the most highly organized contractile organ found in the 
mammal. The back pressure of the blood in the arteries may be very low 
indeed, as it is among all the lower orders of animals, or it may be very 
high in such animals as have a highly developed arteriole and capillary 
network through which the blood must be forced at considerable speed. 

The rhythmic contractions of the dorsal blood vessel of the earthworm 
are certainly analogous to the beating of a heart, even though the struc- 
ture may not be homologous to a heart. In the earthworm the contrac- 
tion of the vessel appears to begin at the posterior end of the body and to 
travel forward as a wave of contraction which practically obliterates the 
lumen of the blood vessel for a space of six or eight body segments. 
This wave of contraction drives before it the hemoglobin-containing 
fluid. In the anterior portions of many of the worms there are enlarged 
lateral vessels branching off from the dorsal blood vessel in each of several 
segments. These enlarged vessels, aortic arches, or hearts are also rhyth- 
mically contractile and assist in propelling the blood through the sub- 
intestinal vessel. 

Among the Mollusca, true hearts are found. In many of the lower 
and less active forms the hearts are very slow in action. For example, 
Koch found that the heart of the clam Anodonta is exceedingly sluggish. 
At C'C. a single heart period may occupy as much as 2 minutes and 
17 seconds. At 15°C. the heart beats only two to four times per minute. 
Movements by the animal do not interfere materially with the rate of 
heart action, but stimuli from without may cause the heart action to 
become very irregular. There is, therefore, a very intimate relation 
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between vascular and nervous systems. The definite character of this 
relationship will be considered a little later. 

Circulation in the Frog. — It is assumed that the student is acquainted 
with the general structure of the heart of the frog. The heart con- 
sists of a sinuSj the right and left auricles, a ventricle, and the bulbus 
arteriosus. Blood from all parts of the body is returned to the sinus 
venosus, whence it passes into the right auricle. By the pulmonary 
veins, blood passes from the lungs into the left auricle. The two. auricles 


Pig. 26. — Kymograph record of normal heartbeat of frog. In order to make this 
record, the body wail of the ventral surface was opened, the sternum removed, and the 
heart drawn out of the pericardial chamber. A small hook was placed in the apex of 
the ventricle and connected with a heart lever. The lever falls to its lowest point when the 
heart is completely relaxed. The very short, approximately level portion of the curve 
occurs during the pause between contractions. The first sharp up stroke records the 
simultaneous contractions of the sinus and auricle, followed immediately by the contrac- 
tion of the ventricle. The record reads from left to right. X 


contract approximately simultaneously and expel the blood into the 
ventricle. The two blood streams do not readily mix in the ventricle 
because of the muscular meshwork within its cavity. When the ventricle 
contracts, the venous blood on the right side of the ventricle is the first 
to enter the bulbus arteriosus. Within the bulbus is a spiral valve which 
directs the blood into the pulmocutaneous arch leading to the pulmonary 
artery or arteries and cutaneous arteries. When these arteries become 
well filled with blood, the spiral valve is pushed over by the force of the 
ventricular contraction and closes the orifice of the pulmocutaneous arch. 
The blood is now forced into the systemic and the carotid arches. Most 
of the blood passes into the systemic arch because the resistance is less 
in that direction. As the systemic arch becomes filled and the resistance 
to flow is increased in that direction, the last blood to flow from the 
ventricle is forced out along the carotid arches. This blood comes from 
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the left side of the ventricle and is the purest blood in the system. The 
direction of flow of the blood is maintained by two sets of valves. The 
first are the auriculoventricular valves hanging between the auricles 
and the ventricle. The second set of valves are the pocket-shaped 
valves. In Fig. 26 there is shown the record of the heart of a frog beating 
as it lies exposed in the body of the animal. 

Rates of Heartbeat in Various Animals —The rates of heart ..con- 
traction in various invertebrates are shown in the following table. It 
must be understood, of course, that these are only average figures and 
subject to modification through changes in the physiological condition 
of the animal. 


Table 34. — -Heaet Eates op Molltjsks 
Animal 

Lamellibranchia : 

Pecten ... 

Mytilus 

Mya. 

Cardium . 

Anodon. 

Gastropoda: 

Helix pomatia 

Pterotrachea 

Ariolimax. 

Aplysia 

Pleurobranchia 

Cephalopoda: 

Loligo. ............................ ... 

Octopus ... 

Sepia. ...... 


Beats per Minute 

..,. 22 : 

.... 10-15 
.... 14 ' ■ 

.... 15-17 
.... 2-4 

.... 20-40 
.... 50-80 
.... 35-40 
.... 33-34 
.... 20-30 

.... 70-80 
.... 35-40 
.... 40 


The rate of beat in Helix pomatia appears to depend upon the internal 
pressure expressed in millimeters of water as indicated in the following 
tabular statement: 


Internal pressure in millimeters H 2 O 

30 

15 

8 



30 

Rate per minute 

50 

i 

36 

21 

11 


50 


Arterial Pressures in Different Animals and Man, — Measurements of 
arterial blood pressure in different animal groups show wide variations — 
and even in the same species widely different values are sometimes found. 
Also in the same individual (human) it is common knowledge that 
extensive variations from the normal blood pressure may occur under 
pathological conditions or varying physiological states. The following 
figures represent average arterial pressures, i.e., the averages between 
systolic and diastolic measurements. , , 
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Table 35. — Abterial' Blood Pressitebb 

Millimeters of Mercuiy 
Animal Pressure 

Anodonta 0.8- 2.7 

Astacus 8*5 

Octopus.... 2.5- 8.0 

Eledone 40 

Torpedo — 16 - 18 

Baja 20 

Rana esculenta • 40 - 60 

Eana esculenta (winter) 24 — 60 

Bufo. .......... 89 

Crocodile • . ........ . . .... . 30 — 50 

Birds (including Corvus, Larus, Buteo, Milvus, Astus). . 103 -194 

Horse 183 

Calf ............................................... 155 

Sheep 157 

Dog 159 

Cat 

Goat ............ . , .... . , , , . . . ................. 126 

Babbit. .... ... 99 

Porpoise 75 

Bat 50 


Functions of Capillaries.— The chief function of the capillary is to 
serve as the medium for the exchange of substances between the blood 
and the lymph which immediately surrounds the tissue cells. The sub- 
stances subject to transfer through the membrane constituting the 
capillary wall are very varied and include water, oxygen, carbon dioxide, 
inorganic salts, organic salts, food matters in solution and even colloidal 
substances. Water diffuses readily in either direction. 

As far as the gases are concerned, it seems probable that the process 
involved is ordinary diffusion and the force is diffusion pressure. The 
diffusion in each case proceeds from a region of higher to a region of lower 
concentration. 

Proteins do not normally diffuse out from the capillaries in most 
tissues. In certain tissues, however, it was found by Starling that the 
capillaries are normally permeable to proteins to such an extent that the 
effective osmotic pressure becomes lower than the blood pressure in 
the capillary, and there is a filtration of lymph through the capillary wall 
as a result. This is particularly true in the case of the capillaries of the 
liver and to a certain extent in the case of the mucous membranes of the 

' - ' Capillary Blood Pressure«~Eugene Landis has, by means of a micro- 
injection method, determined the capillary blood pressures in single 
capillaries of frog mesentery and in capillaries of higher forms. In the 
light of his work it appears that the chief function of the heart is to force 
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blood into the arteries under such pressure as will maintain in the capil- 
laries a pressure sufficient to be in excess of the osmotic pressure of the 
blood colloids and thus provide for filtration of liquid (lymph) outward 
through the capillary wall. In the frog this pressure is above 11.5 cm. 
H 2 O, or 8.45 mm. Hg. In resting muscle the average arteriolar capillary 
pressure was 14.9 cm. H 2 O, and the average venous capillary pressure 
was 9.5 cm. H 2 O. 

Capillary pressures have been measured in normal human subjects 
and in patients with arterial hypertension and with arteriosclerosis. 
This study was made by means of the skin-blanching method under 
natural conditions and in skin in which an arteriolar flare had been 
created by intradermal injection of histamine. The average capillary 
pressure in ten normal subjects was 9 mm, Hg; in 23 patients with arterial 
hypertension, 12 mm.; and in 13 patients with senile arteriosclerosis, 
13 mm. Hypertension is due to an increased resistance in the vascular 
circuit. This resistance apparently lies in the arteriolar portion, as it 
does in normal persons and, in the absence of marked arteriosclerosis, is 
functional in character. Hypertension may be a compensatory phe- 
nomenon designed to maintain normal tissue oxidation through a normal 
capillary blood flow. 

The value of the system of capillaries to an organism will depend upon : 

1. The richness of their distribution to the various tissues of the 
animal body. 

2. The amount of surface exposed for diffusion. 

3. The rate at which fresh blood can be brought into contact with the 
diffusing membrane. 

The data presented here concerning the physiology of the capillaries 
are taken from Krogh’s book, '^The Anatomy and Physiology of Capil- 
laries,’’ published by the Yale University Press. 

While the distribution of capillaries in the tissues of the cold-blooded 
animals is by no means so complete as in the tissues of the warm-blooded 
animals, the number seems at first thought to be very large. In a cross 
section of frog muscle it has been shown that there are about 400 capil- 
laries per square millimeter. In a similar area of horse muscle there were 
about 1400 capillaries, in dog muscle about 2600, and in guinea-pig 
muscle more than 4000. Krogh calculates that 1 cc. of blood in passing 
through the capillaries of a frog muscle has a surface contact of 2700 
sq. mm.; of horse, 7300 sq, mm.; of dog, 5600 sq. mm. This means 
that diffusion can take place with great rapidity. The capillary system 
of organs other than muscle is even more highly developed with cor- 
respondingly increased surfaces for diffusion. 

Krogh has also made it clear that the capillaries are not all distended 
with blood at all times. It is perfectly evident that muscles, glands, 
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etc.; vary in the amount of work which they do at different times. They 
do not at all timeS; therefore, need the full supply of blood which would 
be demanded when they are at their maximum activity. Krogh presents 
evidence showing that contractions and relaxations of capillaries may take 
place independently of the contractions and relaxations of arteries and 
arterioles. These contractions and relaxations occur as the results of the 
movements of certain cells (Rouget cells) which lie upon the capillary 
wall (Fig. 27). The nuclei of these cells are quite large and prominent. 
On a dilated capillary the protoplasm surrounds the nucleus as a continu- 
ous layer on the capillary wall but diminishes in thickness toward the 
periphery. The margin of the cell is very irregular and sends out numer- 



Fig. 27. — Two Rouget cells {a and h) as seen on capillaries in living newt larvae, h is 
contracting, c is a red corpuscle. {From KrogEa “ Anatomy and Physiology of the CapiU 
laries.” By permission of the Yale University Press.) 

ous fine branches which extend around the capillary wall. On capillaries 
which are partly contracted the protoplasmic mass surrounding the nuc- 
leus is somewhat thicker, and the contours of the cell processes are more 
distinct. In extreme contractions the protoplasm is tightly packed about 
the nucleus and the branches are short and stout. In some cases the 
cell processes anastomose so as to form a sort of network surrounding 
the capillary. 

Dr. Vimtrup has shown that the contraction of the capillaries is due 
to the movements of the Rouget cells, and Rehburg has shown that the 
endothelial lining of the capillary is folded during strong contraction. 

An attempt to combine all the observations into a coherent conception of 
the normal anatomy of a capillary will give about the following result: Like the 
wails of the smallest arteries and veins, the capillary wall consists of two distinct 
elements — ^the endothelial tube and the outside muscular coat. The important 
difference between capillaries and larger vessels lies in the arrangement of the 
muscles,, which in the arteries and veins form a more or less continuous layer, 
greatly increasing the thickness of the wall and offering a considerable resist- 
ance against the exchange of substances between the blood and the surrounding 
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lymph spaces or tissue ceils, while in the capillaries the muscular coat is arranged 
more or less in the form of a wide-meshed network, leaving the larger part of the 
endothelial surface uncovered and adapted for the passage of substances with a 
minimum of resistance. 

The muscular coat of the capillaries possesses, like smooth muscles generally, 
a definite tonus, or posture, in the terminology of Sherrington (1920), subject in 
the organism to nervous, hormonal and other influences, and the diameter of a 
capillary is, on the whole, determined by the state of contraction of its muscular 
coat. The changes observed in the configuration of the endothelial cells and 
in the shape of their nuclei make it clear, however, that the endothelial tube itself 
must possess some normal form and caliber which it will assume when the out- 
side and inside pressure is absolutely the same. When pressure is 

the higher, the tube collapses. When the Eouget cells contract, it becomes 
folded, and when they relax and the inside pressure is ever so slightly higher 
than the outside, it is dilated, and the endothelial cells are pass! vety stretched, 
their surface is enlarged, their thickness is diminished and their nuclei are flat- 
tened out. We have here a close analogy to the behavior of the alveolar 
epithelium in the lungs of man, according to Marie Krogh^s (1915) determinations 
of the pulmonary diffusion constant. These determinations of the quantity of 
carbon monoxide which will diffuse into the blood from the alveoli show that 
when the lungs are expanded beyond a certain point the epithelial surface becomes 
larger and thinner by stretching, but when they are allowed to collapse below 
that point the surface area and thickness remain constant — the surface is folded. 

Bensley and Vimtrup have observed the actual contraction of the 
pericapillary Rouget cells in the capillaries of the tongue of the living 
frog, and in the capillaries of the surviving nictitating membrane. In the 
latter case the cells contract under direct observation in response to 
electrical stimulation, and the same cells may be made to contract and 
relax repeatedly. By means of supravital staining with Janus green B, 
myofibrils have been demonstrated in the fusiform muscle cells of the 
smaller arteries and in the Rouget cells of the capillaries. The myofibrils 
of the latter cells stain in the same way and at the same time as those of 
the muscle cells of the arterioles. 

Without in any way seeking to detract from the importance of the 
role which the Rouget cells may play in the vascular systems of many 
animals, it should be pointed out that in the cat and the dog the capillary 
walls are themselves capable of active contraction and relaxation. 
Parker has noted that the endothelial cells of blood capillaries of some 
marine worms are contractile, without the aid of Rouget cells. These 
cells may have as their function the closing off of the blood capillary, by 
their strong contraction, in case of injury. 

The capillaries are also provided with definite nerve control. Stimu- 
lation of the cervical sympathetic of the cat or of the rabbit induces a 
pronounced contraction of the capillaries of the ear. In the rabbit 
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stimuIatioE of the cervical sympathetic causes a decrease in dm or the 
disappearance of all vessels whether circulation is intact or coinpletely 
arrested. Under the latter condition the capillaries could only be dis- 
tended by a contraction of arterioles and venules. Hence the capillaries 
must have a vasoconstrictor innervation. In the frog, Krogh and others 
have shown that stimulation of the lower ganglia of the sympathetic 
chain brings about constriction first of arteries and then of capillaries 
of the web. Krogh is of the opinion that every single Eouget cell is 
supplied with a sympathetic fiber and can be made to contract through 
it. Removal of the sympathetic ganglia in the frog, or cutting the 
sciatic nerve below them, results in a more or less permanent dilation 
of the capillaries. 

Parker has called attention to the work of Pomeroy, done some 
years ago, which showed that the worm Nereis possesses upon the walls 
of its blood vessels large numbers of cells, stainable with methyl blue, 
which bear a very strong resemblance to the cells described by Krogh 
and figured by Vimtrup. These cells had been seen in Nereis and 
described by Retzius. They were considered by Retzius muscular in 
nature. The similarity in form which they bear to the Rouget cells 
leads Parker to suggest that they may be true Rouget cells, although it 
has not yet been demonstrated that in Nereis they are contractile. If 
it can be shown that they are contractile and that they do actually 
control the diameter of the blood vessels, it would appear that a definite 
comparison may be drawn between the blood tubes of the higher worms 
and the capillaries of the vertebrates. 

Functions of Sinuses and Veins. — These channels have apparently 
the purpose of receiving the blood forced out from the ends of the arterial 
vessels and of returning it to the heart again, thus completing the circuit. 
Among the invertebrates the sinuses are merely spaces among the muscles 
and viscera through which the blood passes upon its way from the ends 
of the arteries to the aerating organ. They serve as lymph channels and 
bring the circulating fluid into close communication with the body 
tissues. Among the higher animals there are examples of sinuses in the 
tissues covering the brain. Here the duramater forms the outer wall of 
the sinus. 

The Elastic Tube System. — ^The tubes forming the vascular systems 
of all animals have elastic walls. This fact is of great importance in the 
life of the animal. In any system of tubes with rigid walls as much fluid 
must escape in any unit of time from the distal end of the tube system 
as is forced into it at the proximal end. The blood, like water, has only 
a very minute degree of compressibility, and at the low pressures which 
erist in the vascular systems of animals this amounts practically to zero. 
When the heart (ventricle, in higher forms) contracts, the energy of 
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its coBtraction is expended in stretching the muscular fibers of the 
arterial walls as more fluid is forced into a tube which is already filled with 
blood. The extensibility of the muscle fibers and their elasticity obviate 
to some degree the most extreme variations in pressure which would 
occur in a system of rigid tubes. Also the blood is being constantly 
forced onward through the arteries and arterioles because of the tonic 
contraotion of these muscle fibers. The capillary walls are, therefore, 
relieved of those sudden variations of pressure which might readily lead 
to their rupture, loss of blood in tissue spaces, and finally failure of the 
vascular mechanism. 

Peripheral Resistance. — The resistance met by the blood as it flows 
through the arterial vessels is the friction of the fluid against the walls 
of the narrow tubes. The smaller the diameter of the tube the greater 
the friction between the wall of the tube and the liquid being forced 
through it. It will be seen readily that this resistance in the vascular 
tubes will be greater the more finely divided the arterioles become. In 
animals in which the arteries never become finely divided and which 
finally end by opening into a blood sinus, the resistance to the flow of 
the blood is decidedly less than in forms in which there is a complete 
closed system of tubes and in which the arterioles are of very small 
diameter. In order that the blood may be propelled through the tube 
system, it is essential that the pressure of the blood against the arterial 
walls be high enough to overcome the peripheral resistance. This 
means that in the higher animals with completely closed systems of 
tubes, and with fine arterioles and capillaries, the pressure must be 
much greater than in animals which have only a partial tube system and 
low resistance. 

Peripheral resistance in a given tubular system may be varied by the 
degree of contraction of the muscle fibers in the walls of the vessels. 
The degree of tension may be varied by nervous stimulation through the 
vasomotor nerves or by the presence or absence of certain chemical 
substances, such as adrenalin in the blood — or by variations in the ratio 
of certain salt components (c.p., Na, Ca) of the blood plasma. 

Lymph and Lymph Circulation.— It is customary to think and to 
speak of the vascular systems of the higher animals as closed systems. 
In the sense that they do not allow blood corpuscles freely to wander 
from the blood vessels, such a statement is not unwarranted. The 
statement fails to be true, however, when one considers how the supply 
of lymph, which bathes all of the tissue cells of the body, and brings to 
them their supplies of food and oxygen, is maintained. It is through the 
walls of the capillaries, through which the blood passes, that water, salts, 
sugar molecules, amino acids, fatty acids, glycerine, etc., as well as 
oxygen, carbon dioxide, and other gases which may be dissolved in the 
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blood plasma must make their way to and from the tissue cells. Also, it 
is through the capillary walls of the glomeruli of the kidney that the 
filtration of water for the formation of urine occurs. In fact, this last 
seems to be merely a special case of the diffusion of liquid through 
capillary walls. 

What is the force responsible for this diffusion? As the result of the 
work of Landis, it appears that the chief function of the heart is to pump 
blood into the arteries under such a pressure as will normally maintain 
in the capillaries a pressure, not only sufficient to overcome the capillary 
resistance to flow through the narrow vessels, but also to be in excess 
of the osmotic pressure of the blood colloids and thus provide for filtra- 
tion of liquid outward through the capillary walls. The rate of move- 
ment through the capillary walls is directly proportional to the difference 
between the capillary pressure and the osmotic pressure of the blood 
proteins, plus the osmotic pressure of the lymph colloids. In the frog the 
capillary pressure is on the average above 11.5 cm. water (8.45 nun. Hg). 
(Landis found arterial capillary pressures of 14.5 cm. H 2 O and venous 
capillary pressure of 10.0 cm. H 2 O.) In the rat the capillary pressures 
are larger, about 25 cm. In the frog there is a considerable amount of 
protein present in the normal lymph. This varies from 0.29 to 2.17 per 
cent, the usual value being about 1 per cent. The average osmotic 
pressure of the colloids of the blood serum of mine frogs (studied by 
Churchill, Nakazawa, and Drinke) was 71 mm. H 2 O. In the same frogs 
the average colloid osmotic pressure of the lymph was 42 mm.. H 2 O. 
These values show physical and chemical forces acting to produce a 
normal movement of blood plasma, including a fraction of protein, from 
the blood vessels into the lymphatic system. 

The total amount of lymph diffused through the capillary walls is 
large. In the toad a volume of liquid equal to that of the total blood 
plasma passes from the blood into the tissues and is collected by the 
lymphatic system at least fifty times in 24 hours. D. F. Loewen and 
Madeleine Field have found that in nine dogs the colloid osmotic pressure 
of the blood was 334 to 466 mm. of water; of cervical lymph, 131 to 
195 mm. ; of thoracic duct lymph, 138 to 344 mm. The colloid osmotic 
pressure of lymph per gram of protein was higher than that of blood, 
probably owing to a higher proportion of serum albumin in l 3 mph than 
in blood. The “effective osmotic pressure” for returning water to the 
blood capillaries is the difference between the colloid osmotic pressure 
of the blood and the lymph from the area under observation. 

B. PHYSIOLOGY OP THE HEART 

Investigators who have worked upon the effects of metallic ions upon 
the heart and its activities have been confronted with the necessity of 
■maintaining a continuous supply of oxygen for the use of the hearts 
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under experimentation. This oxygen has been provided in a variety of 
ways: by immersing the heart in a saline solution through which oxygen 
gas is slowly bubbling; by perfusing the heart with a saline solution in 
which oxygen is dissolved; by immersing in or perfusing with a saline 
solution containing a small amount of hydrogen peroxide. In case the 
hydrogen peroxide is used, care must be taken to restore to the proper 
balance the hydrogen ions of the solution, since hydrogen peroxide as 
sold usually contains a considerable amount of acid. The addition of 
small amounts of sodium bicarbonate solution to the saline will restore 
the solution to its proper hydrogen-ion concentration. 

Physiological Properties of Heart Muscle.— The heart muscle 
exhibits to a very unusual degree certain of the fundamental physio- 
logical properties of protoplasm: spontaneity (?), irritability, conduc- 
tivity, contractility, metabolism, etc. Attention is now directed to a 
few fundamental considerations: 

1. Spontaneity. — It is probably but natural that the beating heart 
should have been, in the minds of very many, endowed with the power of 
spontaneous rhythmic activity. The word spontaneous is simply a 
screen erected by overbewildered physiologists to conceal a certain 
amount of ignorance. While embryonic heart muscle may originate 
contractions as a response of the muscle protoplasm to the conditions 
of the cellular environment, it seems likely that adult heart muscle 
contracts only as the result of stimulation, k 

2. Irritability. — Heart muscle is exceedingly susceptible to stimula- 
tion from without, and the stimuli may be of a great variety of forms. 
Also, as is found in the case of striated muscle and of smooth muscle, 
there must be not only a stimulus of a definite intensity, but the stimulus 
must act through a definite length of time in order to bring about a 
contraction. The strength of stimulus required to bring about a con- 
traction is commonly spoken of as threshold of stimulation. If the 
stimulus employed is electrical, the minimum voltage of current required 
to bring about a contraction is called the rheohase. To introduce the 
time element into the discussion, Lapicque, Fredericq, and others have 
used the term chronaxie. This may be defined as the time required in 
the application of a stimulus having twice the rheobase value, in order to 
bring about a contraction. 

Chronaxie. — By experiment it may be found, for example, that the 
rheobase for the sciatic nerve of a frog is about 0.3 volt. To be effective 
a current of 0.6 volt must act for 0.0004 second, and this time is termed 
the chronaxie of this nerve, and is ordinarily expressed by the symbol cr, 
as 0.4cr, cr (sigma) being 0.001 of a second. 

Naturally the chronaxies of different tissues vaiy. The chronaxie 
of the motor nerve is of the same order of magnitude as that of the muscle 
which it innervates. Different kinds of muscle show different chronaxies ; 
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that of smooth muscle being much greater than that of ordinary skeletal 
muscle. The chronaxies of gland cells are again of a different order of 
magnitude/:,." ■ 

The chronaxias of similar tissues in different animals vary widely, 
and the chronaxie of one and the same tissue may vary from time to 
time as temperature, concentration of carbon dioxide, previous physio- 
logical activity, and other local conditions change. 

Demoor and Rijland studied the action of several substances on the 
chronaxie of rabbit auricles by imposing on them an artificial rate of 
240 beats per minute and then determining, under various conditions, 
the stimulus necessary to produce an extrasystole at an exact interval 
after each fifth beat. The active substances ’V extracted from the 
specialized tissues of the heart have no effect on the chronaxie of cardiac 
tissue. The mimetic substances, however, set free by vagal and sympa- 
thetic stimulation, do have considerable influence, the former reducing the 
chronaxie and the latter increasing its value. These results permit 
the authors to differentiate two classes of cardiac humoral regulation. 
The first type of regulation is brought about by the so-called active 
substances, which determine the characteristic properties of cardiac 
function. This regulation is metabolic in nature, as indicated by the 
stability of chronaxie and the absence of fatigue. The second type of 
regulation is due to vagal and sympathetic substances, which induce a 
humoral state capable of modifying automaticity without destroying it. 
This type of regulation has to do with irritability, and it is characterized 
by changes in chronaxie and the appearance of rapid fatigue. 

Henri Fredericq and W. E. Garrey have noted that experiments 
on preparations of the tortoise Chrysemys picta indicate that faradization 
of the right vagus nerve stops the contractions of the heart and, at the 
same time, diminishes the value of the chronaxie of the right auricle 
(and probably of the entire myocardium). The chronaxie of both 
auricles is likewise diminished during stimulation of the left vagus with- 
out any change in the rhythm, although the force of contractions may be 
appreciably diminished. Ventricular chronaxie is also diminished, even 
when stimulation of the left vagus produces no change in the rhythm or 
decrease in the force of contractions. Consequently, the changes in 
chronaxie are due to a direct action of the vagus and are not\ result of 
indirect chronotropic changes. 

Refractory Period of Heart. — ^The hearts of the frog and tortoise 
exhibit in a striking manner a peculiarity of action which is common to 
voluntary muscle, nerve, and other tissues. This is a period of time 
immediately following stimulation, during which it is wholly inexcitable, 
and is called the refractory period. The demonstration of this period 
in case of the frog heart is a relatively simple matter. The heart ventricle 
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may be electrically stm while recording its normal rhythmic 
contractions upon a drum. It is found that no stimulation of the heart, 
while it is in its contraction phase, has any effect. Stimuli reaching the 
heart during its period of sustained contraction give rise to a small extra 
beat. The latent period of this effect shortens, and the amplitude of the 
following contraction increases when the stimulus reaches the heart 
during its relaxation phase. Following the extra beat there is a compen- 
sating pause before the normal rhythm is again resumed. 

The heart of the fresh-water mussel is refractory to moderately 
strong induction shocks during systole and the first half of diastole. An 
induction shock during the second half of diastole induces a premature 
contraction, comparable to the extra systole of a vertebrate heart. 
Strong shocks cause contracture of the ventricle. Faradic stimulation 
will, under certain conditions, cause a sustained contraction of the 
ventricle — a true tetanus. 

As examples showing the normal ranges of chronaxie values, the 
following may be quoted from the results of different investigators: 

Ti^LE 36 . — Chronaxies of Various Tissues 


Tissue Chronaxie, Sigma (<r) 

Scallop — ^muscle. 30.0 

Crab — ^muscle 10.0 

Limulus — heart nerve ... 15-30 

Limulus — heart muscle 15-30 

Fish — ^muscle 0.20 

Frog, sartorius — ^normal. . ... . . . . . . . 0. 12-0.35 with 3.5 fi electrodes 

Frog, sartorius — ^normal. .... ... . ... 1.4-6 .0 with 5 X 1 nim. electrodes 

Frog (Calyptocephalus) . . . . ....... 0.7 -0.8 

Frog, European 0.25-0.3 

Frog — muscle of cloaca 50,0 (summer) 

500.0 (winter) 


Lapieque and his associates, working upon the dog, found: 



Chronaxie 

(<r) 

Temperature, 
degrees centi- 
grade 

Conduction 
per second, 
centimeter 

Dog auricle 

2-3 

37.5 

! 150 


6 

18 -Oj 

! 50-60 

Bundle of His. 

.:j 




15-20 

' 1 

18.0 

20 


Conduction rate in the heart decreases as chronaxie increases. 

The heart of the crab Maia verrucosa similarly exhibits a refractory 
period at the beginning of systole. Also, if the heart be stimxilated by an 
induction shock during the refractory phase, an extra systole may be 
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evoked, and the next following normal systole starts at the same instant 
that it would have started if the heart had not been electrically stimu- 
lated. Rapidly repeated induction shocks lead to tetanus of the crab 
heart muscle. 

Fibrillation of Heart Muscle. — The heart of Maia very often shows 
spontaneous fibrillation or flutter when the metabolic condition becomes 
bad. One induction shock, applied directly after the refractory stage, 
may induce fibrillation or flutter which may, however, be stopped again 
by one induction shock, properly timed. Quinidin stops fibrillation by 
lengthening the refractory stage. Fibrillation may also be stopped by an 
amelioration of the metabolic condition (moistening with sea water) or 
by means of a tetanus, the circulating contraction wave being extin- 
guished at the refractory dam of the tetanus. 

3. Conductivity. — Attention has already been directed to this general 
property of protoplasm. There can be no question that stimuli are 
conducted from one part of the heart mechanism to another, and that 
through such conduction all parts of the heart are normally thrown into 
close cooperation. Question has been raised as to whether conduction 
is fundamentally different from contractility, and in the minds of some 
physiologists there is a strong belief that the two terms, contractility 
and conductivity, in so far as the heart is concerned, refer to the same 
property. 

4. Contractility. — De Boeris experiments show that a contracting 
part of the heart muscle is able to send out an excitation wave during 
the whole period of contraction. If a transsection is made in the ventricle 
so that the apex and base are connected by a narrow muscle bridge, 
intraventricular dropped beats may arise. The interval between base 
and apex increases until an apex contraction does not arise; the next 
following base-apex interval is shortened and then increases again. After 
such a transsection, a 1:2 rhythm of the apex may arise and again pass 
to the normal rhythm. The contraction wave, spreading through the 
heart muscle, may stop and then continue on its way. This happens 
during fibrillation in the course of each circuit and during the slow flutter 
at the end of each circuit. In this way, slowing of flutter may arise. 
The contraction wave may stop in the node of Tawara and at the end 
of the bundle of His in the ventricle (increase of the latent period of the 
ventricle). The general decrease of the conduction is caused by the fact 
that the latent period from muscle fiber to muscle fiber has increased. 

5. Metabolism: Oxygen Use. — ^The need for oxygen is probably 
twofold: (1) Oxygen is doubtless needed for the building up within 
the muscle cells of the substance known as phosphagen, (creatine phos- 
phoric acid), which appears to be essential for contraction; (2) oxygen is 
needed for the respiratory— and possibly other processes of the nerve 
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cells Upon whose activity the initiation and mainteiiance' of; the ^ beat 
;V:<iepeiid. 

In Fig. 28 is shown the record of the isolated heart of a crab beating 
in a solution very similar to sea water. This record reads from right to 
left. At the start the heart was beating in a solution containing oxygen. 
At 6, it was placed in a solution lacking in oxygen. The beats became 
almost immediately of varying amplitude and decreased in amplitude 
very rapidly. At c, the heart was again immersed in a solution contain- 
ing oxygen. For a few minutes there was no perceptible increase in the 
amplitude of contraction, but later the contractions resumed practically 
their original amplitude, forces and regularity. 

Similarly, it can be shown that the beating of the isolated heart of 
a frog can be modified by the presence or absence of oxygen in the bathing 
solution. In Fig. 29 is shown a record of the effect of the presence and 
absence of oxygen upon such a preparation. The record reads from left 
to right. At a, the heart was beating in Mines^ solution containing 
oxygen. At the point indicated by the arrow the heart was placed in a 
sample of the same solution lacking in oxygen. During this time the 
amplitude of the beats, particularly of the ventricle, decreased very 
rapidly. At c, the heart was again placed in the solution containing oxy- 
gen. The recovery was somewhat slow and irregular, but after a few 
minutes the ampKtude, rate, and force of contractions were fully restored, 

Garrey's work upon the heart of limulus shows very beautifully that, 
in that form at least, the process involved in the initiation of a heartbeat 
results in the production by the ganglion cells of carbon dioxide and is, 
therefore, very probably an oxidative process. As such it is doubtless 
carried on by some form of enzyme. The temperature coefficient of the 
reaction is such as would lead one to suppose it to be a purely chemical 
reaction. 

Oxygen Consumption by Heart. — ^The oxygen consumption of the 
whole isolated frog heart can be divided into two portions: (1) the resting 
metabolism, and (2) the extra oxygen consumption due to contraction. 
The resting metabolism accounts for about 25 per cent of the oxygen 
consumption during moderate activity. The oxygen consumption due to 
contraction varies as the diastolic volume of the heart, but not as the 
resistance against which the heart contracts. An empty heart con- 
tracting regularly consumes very little more oxygen than an empty heart 
at rest. Slight acidity (pH 6.7) decreases both the mechanical response 
and the oxygen consumption of the heart. The results indicate that the 
process of contraction in the heart is similar to that in skeletal muscle 
but that the heart is inhibited by acidity much more readily than is 
skeletal muscle. Prolonged perfusion of the isolated frog ventricle with 
Ringer's fluid reduces the oxygen consumption, as well as the mechanical 
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activity Of the frog heart. Addition of serum, of alcoholic extract of 
serum, or of soaps restores the oxygen consumption of the hypociynamic 
heart to normal. The resting metabolism of the hypodynamic heart is as 
great as, or possibly greater than, that of the fresh heart and is no 
increased by the addition of serum. Lack of calcium, excess or lack o 

potassium, and narcotics, aU reduce the oxygen consumption ue o 

contraction. The resting metabolism is not markedly reduced by ionic 
changes or by narcotics in concentrations considerably in excess of those 
sufficient to paralyze the heart. The chemical changes which cause 
oxygen to be consumed in rest appear to be of a different nature from t e 

catabolic processes associated with contraction. ^ i 

Starling and Visscher measured the oxygen consumption of the heart 
(dogs) in heart-lung preparations and this served as a measure of t e 
total energy set free in the heart during its activity. The total work 
of the heart was obtained from the mean pulmonary and aortic pressures 
multiplied by the total output. By varying the venous inflow and 
arterial pressure, the ventricular volume, and therefore the chastolic 
fiber length, was changed. The oxygen consumption of such an isolated 
heart, maintained under constant chemical and temperature conditions 
and therefore beating at a constant rate, was found to be eternune 
by its diastolic fiber length, the oxygen consumption showing a linear 
relation to the increase m diastolic volume. In a fresh well-functioning 
heart, increase or decrease in work done by the heart was proportiona 
to an increase or decrease in diastolic volume; consequently, t e wor* 
done by the heart was proportional to an increase or decrease in diasto ic 
volume and was, therefore, proportional to the oxygen co^umption. 
As the heart tired, it dilated to carry out the same amount of work, and 
consequently, the oxygen consumption increased. The proportion o 
mechanical work to the total energy liberated (oxygen consumption) 
was therefore less. The oxygen consumption showed no rela-tion to the 
systolic volume. It was stated that adrenalin increased the oxygen 
consumption at a given fiber length. The oxygen consumption was 
measured as above at different heart rates in a heart- ung prepaia ion 
with the vagus nerve intact, the rate being changed by varying the blood 
pressure in the brain, which was supplied through a, second heait-lung 
preparation. At the same diastoUc length of fiber, the heart used more 
oxygen per beat when contracting at a low rate than at a high rate 
When the heart was performing a given amount of work per unit o 
time, the heart volume increased as the heart rate was slowed in conse- 
quence of the fact that the heart had more work to do per beat. Under 
these conditions, in spite of the above results, the heart use 
to do a given amount of work when the rate was slow, and therefore, the 
slowly beating heart was found to be more efficient. 
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Effect of Changes of Temperature upon Heart Action.-— The sugges- 
tion has been made that something may be learned as to the nature of a 
physiological process from the study of the effect of changes of tempera- 
ture upon that process. It is now a matter of common knowledge 
that for a rise of temperature of 10°C. ordinary chemical reactions 
are increased in rate from two to three or more times. If any physio- 
logical process shows essentially the same modification in rate by changes 
of temperature as do ordinary chemical reactions, the belief would seem 
to be justifiable that some chemical reaction lies at the basis of the 
physiological process. 

In the higher animals heart action takes place in an environment 
which has an almost constant temperature. Among the reptiles, amphib- 
ians, fishes, and all invertebrates, the body temperature fluctuates with 
the temperature of the surroundings. The body processes of the higher 
animals have become so adjusted to the constant temperatures at which 
they normally take place that any marked change of temperature may 
result in a serious disturbance of the whole organism. On the other hand, 
the poikilothermous animals are constantly subjected to variations of 
temperature in their daily life, and unless these variations are extreme 
in amount, they cannot be held to be unusual for the animals concerned. 
Observations of the heart rates of cold-blooded animals within the range 
of temperatures to which they are normally subjected ought therefore to 
give valuable information as to the general nature of the reaction or proc- 
ess underlying cardiac activity. 

Experiments to determine the effect of changes of temperature upon 
the heart may be performed in a variety of ways: The whole animal 
may be subjected to temperature changes by changing the temperature of 
the environment in which it is placed, or the heart may be removed from 
the body of the animal and be allowed to beat while suspended in a saline 
solution, the temperature of which can be definitely controlled. If 
the whole animal is subjected to temperature modification, it is important 
to know the temperature relations existing between the animal and its 
environment. In small forms such as fish embryos, small crustaceans, 
etc., there can be little doubt that the temperature of the water fairly 
represents the temperature of the animal body. In such forms as the 
earthworm and the small spotted salamander Diemyctylua it has been 
shown that within a few minutes the body temperature comes to be the 
same as the environing temperature to within a very few thousandths of 
a degree Celsius. In such forms as large, fresh-water clams and goldfish 
there is a larger bulk of material to become adjusted and the process 
takes longer — ^perhaps half an hour to an hour — but in the end there is 
the same close approximation of the body temperature to that of the 
surroundings. 
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The temperature coefficient ^ expressed by the symbol Qio, may be 
calculated by the use of the formula, 


10 



in which Ki == rate at the higher temperature Ti, 

Ko = rate at the lower temperature To. 

Table 37 gives an indication of the values of Qio as determined by 
various investigators upon the hearts named. 


Table 37. — ^Tbmperature Coefficients of Heart Action 


Animal 

Range in degrees 
centigrade 

: Qm 

Tubifex 

9-16 

3.213" 

Earthworm — average 35 experiments ' 

9.5-27.5 

2.173 

Nereis — average 14 experiments, ■ 

3,2-18.5 

2.525 ■ 

Phyllorhoea ............................ . . ....... 

16-30 

.2.5 

jMto/ia vcTTucosa . . . . . . . . 

7-26 

3.0 

Fundulus embryo — average 22 experiments 

6,5-21.5 

3.081 

Fundulus embryo — ^average 14 experiments 

22.52-33.78 

1 .521 

Pacific terrapin ventricle 

2.0-32 

2.5 

Rcvnd esculcuiuld ventricle * 

13-24 

2.8 

Man — ^fever 

■ 37-42 . „ 




The figures presented in the table would appear to indicate that the 
controlling fact in the rate of heartbeat in all the animals mentioned 
is some chemical process. The question may fairly be raised as to what 
such a reaction may be and where it may take place. Garrey’s work 
upon the heart of limulus is certainly conclusive for that form and 
strongly indicative of what may be expected in other iorms — that the 
origin of the heartbeat is the sequel to a chemical process which results 
in the formation of carbon dioxide in the ganglion cells of the heart. 
In Fig. 30 is given the record made by a beating isolated frog heart 
under the influence of Ringer^s solution at temperatures of 9 and 24^, 
Temperature Characteristic.— The temperature coefficient, Qio, is 
found by experiment upon various physiological operations not ade- 
quately to represent the influence of temperature change upon the 
reaction, the coefficient becoming larger for temperature ranges approach- 
ing 0°C. and smaller for ranges of IQ® going in the opposite direction. A 
part of the difficulty was thought to be due to the fact that the formula 
uses temperatures as stated in the Celsius scale. Attempts had been 
made by Arrhenius and others to express the temperature relation in 
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terms of the absolute scale. The formula derived by Arrhenius took 
the form 



in which Ki and are speed constants of a process at the absolute 
temperatures Ti and Tt. e is the base of natural logarithms; 2 is the 
gas constant expressed in calories. The symbol ^ the Temperature 
Characteristic, is the peculiar activating energy as expressed in gram 
calories. Upon the size of /i depends the steepness of slope of the expo- 



Fig. 30. — Effect of temperature upon the action of heart. The temperature coefficient in 
this case is 2.184. {Record made by Courtland Griswold,) 


nential curve. The formula expressed in its logarithmic form allows 
simple calculation and graphic expression. 

2 log Ki - log Ki 
^ 4 . 34 ^ ±_± 

Ti T^ 

In this case 4.34 is the relationship of the base of the base 10 logarithms 
to that of the natural or Napierian logarithms. In case of graphic 
representations of the results of investigators, the values of log K are 
placed upon the ordinates and the values of 1/T upon the abscissas. If 
the speeds of the process gained at different temperatures are such as to 
justify the Arrhenius formula, the points determined must be in a straight 
line. Tangents of the angle which the straight line makes with the 
abscissas when multiplied by 2/4.34 give the value of g. 
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The work of Crozier and his associates has been held to indicate that 
the temperature curves of biological processes, plotted as amount of 
change against the reciprocal of absolute temperature, are straight lines, 
with breaks at certain “critical^' points where the curve appears to 
change its direction. Some authors are not yet whiling to accept this 
idea of critical points and to adhere to the notion that the constant m 
varies systematically with temperature change, as does the constant Qxo. 

Physiological processes are never simple. They involve unknown 
combinations of both physical and chemical changes, occurring simul- 
taneously and forming an interdependent series of operations. In a 
reacting system, then, may be involved such factors as rate of oxidation, 
rate of diffusion through a membrane, changes of viscosity, rate of some 
special metabolic process, etc. No two of such processes are likely to be 
modified similarly by temperature change. The rate of such a process 
as heartbeat may be the resultant summation of two, three, or an unknown 
number of different processes, each of which is characterized by its own 
response to the existing temperature condition. Belehradik is of the 
opinion that in protoplasmic systems the factor of greatest importance, 
so far as temperature change is concerned, is protoplasmic viscosity 
and that upon variations in viscosity depend variations in rate of such 
phenomena as heart rate, insect development, cell division, etc. 

Effect of Temperature upon Reptile Heart. — The velocity of contrac- 
tion of strips of auricular muscle of the tortoise, as a function of tempera- 
ture, is described adequately from 0,7 to 20®C. by the Arrhenius equation. 
Above 20° there is a deviation from the linear relationship obtained below 
this temperature, such as to indicate a decrease in the velocity of con- 
traction. In this heart the velocity of the rhythm and the velocity of 
contraction depend upon both internal and external conditions, the 
external being temperature, and the internal some unnamed intracellular 
condition. 

In the case of the heartbeat in lizard embryos, the rate is correlated 
with body length, and also with temperature. 

Length 4r4:,5 cm., 24r-25 beats per minute at 

Length 12-19 cm., 50-50 beats per minute at 19^0. 

Length 19-22.5 cin.^somewhat reduced at 19®C. 

When embryos of assorted lengths are tested at different tempera- 
tures, it is found that the temperature curve for each length shows three 
distinct portions: 

1. 0 to 20° approximates an exponential curve with constant tempera- 
ture coefficient. 

2. 20 to 30° — almost a straight line, but with a different slope. 

3. Above 30° — ^irregular, showing injurious effects. 
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TABtB 38.— TBMPBEATtrEE CoEFPICIENT AND ChARACTEBIStIC IN VaBIOTTS FOEMS 



Temperature range, 
degrees centigrade 

Qio 

p. . 

Frog — arteries in web of foot. .......... 

2-10° 

2.8 



5-15° 

9.2 



8-18° 

6.2 



12-22° ^ ■ 

5.3 



16-24° 

2.4 


Chironomus larvae. 

15-23°* 




4-18°t 

2.29 

13,100 


19-35°t 

1.49 

7,500 


36-39°t 

3.64 

8,900 

Chironomus larvae 

15-37° 

1.6 


Ostrea virginiae 



13,600 

Blatta orienialis 

10-38° 

.... 

12,500 


0(?)-10° 


18,000 


* 100-150 estimated pulsations per minute. 

t The author, Koiaumi, is of the opinion that heart contraction depends upon the oxidation of 
the tissues. 


The Origin of Heartbeat. — It is a matter of common laboratory 
experience that the hearts of many (not all) animals, especially of the 
cold-blooded types, may continue to beat for shorter or longer periods 
after they have been removed from the bodies of which they were parts. 
This may readily be demonstrated by simply suspending the heart of a 
frog or turtle in a tube of Ringer’s solution, or, even better, by so sus- 
pending the heart attached to a perfusion apparatus that there is a flow 
of the solution through the heart chambers. 

It is, of course, evident that the continuance of the beat is not due to 
any coimection of the heart with the central nervous system. The hearts 
of such a.m'Tnfl,lH as the crayfish and some of the crabs do not so readily 
survive such removal. (This may be because of the severing of some 
important nervous connections.) 

Physiologists have raised question as to whether, first, the rhythmic 
activity of the heart muscle is due to some rhythmic power located within 
the heart muscle fiber itself or, second, whether it represents simple 
responses on the part of the heart muscle to stimuli arising in some por- 
tion of the nervous system and transmitted to the hemt muscle through 
the nerve fibers. It is a well-established fact that there are found in all 
animals, certainly from the MoUusca and Crustacea upward, nerve cells 
; and fibers located in various parts of the heart wall and that these have 
" something to do with the regulation of the beat. Such regulation of the 
beat will be discussed in another section. 

As far back as the time of Haller it was recognized that the origin of 
the beat of the heart is in some ivay dependent upon the composition of 
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the blood— or of the fluid bathing the tissues. In the years since Haller 
a large number of investigators have attempted to solve the problem of 
the origin of the rhythmic contraction of the heart. Among these may 
be mentioned Merunowicz, Ringer, Locke, Howell, Lingie, Loeb, Mines, 
Clark, and others. Among the most recent workers in this line are And- 
rus and Carter. The answers which have been given in the solution of 
this problem include a great variety of possibilities, some of which follow. 

Myogenic Theory of Heartbeat— The evidence in favor of the idea 
that the rhythmic activity of the heart may be inherent in the muscle 
fibers is of several sorts. 

1. Tissue cultures of heart muscle cells removed from chick embryos 
and kept in blood plasma show regular contractions over extended 
periods of time, even though they are not in connection with any nervous 
structures. 

12. The heart is one of the first structures to be elaborated in the 
embryonic development of any of the higher animals, arising soon after 
the elements of the nervous system are laid down. In chick embryos 
and in fish embryos the heart begins its rhythmic movement, pre- 
sumably, before any connection of nervous elements of the heart muscu- 
lature have become established. Of course, it may be true that neuro- 
blasts migrate into the heart wall at a very early period, take up positions, 
and establish connections before heart action begins, but this has not, as 
far as the author is aware, been established. The fact that an embryonic 
tissue might take on a habit of contracting rhythmically does not of 
necessity mean that the adult tissue would continue the habit. 

3. The importance of the inorganic constituents of the perfusing fluid 
in bringing about rhythmic heart action has been emphasized. Included 
here would be the work of Ringer, Locke, and the large group of those 
who have sought in the balance of the various salts in the blood stream 
the explanation of the rhythmic activity of the heart. 

It has been shown by W. H. Lewis that the hearts of 72-hour chick 
embryos, isolated before any nervous connections have been established, 
continue to pulsate regularly at room temperature for many hours 
in Lockers (without dextrose), Drew^s, Tyrode^s, and Locke’s bouillon- 
dextrose solutions, with only slight changes in rate from hour to hour. 
Sodium bicarbonate appears to be an essential constituent of the solu- 
tion if beats are to be maintained for more than 1 }^ hours. Potassium 
chloride and calcium chloride are necessary for prolonged pulsations. 
Increases in the ratio of sodium chloride to potassium and calcium 
chlorides lead to initial increase in the pulsation rate, followed by a slow 
decline through several hours. In pure sodium chloride solutions there 
is a marked initial acceleration of the beat, followed by decline and finally 
complete stoppage of pulsation in about an hour. Recovery can be 



214 


TEXTBOOK OF COMPARATIVE PHYSIOLOGY 




brought aboiit by transferring the hearts to Lockers dextrose solution. 
In calcium-free Locke's solution the effect is similar to that in the pure 
sodium chloride solution, and when the hearts are returned to regular 
Locke's solution, they recover. Excess of potassium chloride in the 



All records read from right to left. The time marker indicates intervals of 30 seconds. 



-Hecord of a heart of a crab beating in a solution containing 100 cm. M 


Fio. 31A. — Hecord of a heart of a crab beating in a solution containing 100 cm. fs 
NaCl, 2.2 cm. % M KCl, 7.8 cm. % M MgCU, 3.8 cm. % M MgS04, 1 cm. H M CaCh, 
0.75 cm. M NaHCOa and oxygen. It will be noticed that the first beats were strong, but 
became rapidly weaker, then slower, finally ceasing in less than an hour from the beginning 
of the experiment. The curve is characteristic of all hearts beating in solutions in which 
the amount of Na is too great, or the Ca too small. 


Pig. 31j 5. — Record of a heart of a crab beating in a solution similar to that mentioned 
above, except that 2 cm. % M CaCU were employed. This heart beat for a much longer 
}>eriod than that in the previous experiment. Section b of the record was taken 2 hours 
from the start a; section c, 4 hours, and section d, 6 hours. 


Fig. 31C. — Record of a heart of a crab beating in a solution similar to those used in 
the above experiments, except that it contains a larger amount of CaCh, viz., 3 cm. % ^ 
solution. The beats maintain their first strength and rate of contraction for a long period. 
Section h is taken 4 hours from the beginning of the record; section c, 7 hours; section d, 
11 hours; section e, 18 hours; and section/, 20 hours. At the point x in section d a couple 
of drops of hydrogen peroxide were added to the solution in which the heart was immersed. 
Its eSect is shown in the ensuing stronger and more rapid contractions. 


Locke's solution leads to a slowing of the beat to about one-third its 
normal rate, while absence of the potassium chloride from the solution 
results in an initial increase of rate, followed within a short time by slow- 
ing and stopping of the heart. 
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Rogers showed some 30 years ago that the heart of the crab' Brachyno- 
tus would continue to beat for a considerable period in an artificial solu- 
tion of the proper composition. The heart of this animal does not at 
once cease beating when it is removed from the body. Hence, it is 
impossible to say whether any particular substance is essential for the 
origination of the rhythmic contractions. The survival of the rhythmic 
contractions of the heart is, however, dependent upon the composition 
of the solution. It was demonstrated that rhythmic contractions will 
not continue long when sodium chloride is absent. It was also known 
that calcium, potassium, and magnesium each have an important influ- 
ence upon the heart contraction. Sodium chloride has the power to 
restore rhythmic contractions in hearts which have ceased beating in 
other solutions. Hearts which have ceased beating in a pure sodium 
chloride solution do not again beat when placed in a solution lacking in 
sodium chloride. It is apparent also that the balance existing between 
the salts entering into the composition of the artificial solution, and pre- 
sumably of the blood also, is a very delicate one and can be determined 
with very great accuracy. In Fig. 31, A, B, and C are shown fragments 
of records of the beating of the heart of Brachynotus in the artificial solu- 
tions mentioned. 

Because the blood of the crayfish is considerably more concentrated 
in salts than the bloods of amphibians, reptiles, or mammals, there is 
required for the crayfish heart a perfusing fluid containing about 1 per 
cent (10/68.5 M) sodium chloride, plus the appropriate amounts of 
potassium chloride and calcium chloride. Essentially the same relative 
proportions of sodium, potassium, and calcium must be used as are used 
in Lockers or Mines^ solutions or as are found in sea water. In such a 
solution the normal heart rhythm of the crayfish will be maintained for 
several hours. Pure sodium chloride solution or an increase to twice the 
usual amounts of NaCI in proportion to the KCi and CaCl 2 produces a 
sharp increase in tone and a loss in amplitude and rate of contraction. 
An excess of CaCU in the perfusing solution decreases the rate. Absence 
of KCI in the perfusing solution results in systolic arrest of the heart. 
In general, the potassium and calcium ions depress the rate and amplitude 
and increase the tone of the heart muscle. Small amounts of magnesium 
chloride added to the perfusing fluid seem to have little or no effect. 
The crayfish heart beats normally when bathed with perfusing fluid 
having a pH between 5.5 and 9.0. 

The influence of various ions upon the excitability of the frog heart 
has been studied by Colle. He has found that the ions, in the concen- 
trations named, modified the excitability of the heart as compared with 
its excitability in normal Ringeris fluid. 
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Per Per 

Cent Cent 

KCl 0.007 gave an excitability of 75 
0.014 gare an excitability of 100 
0.026 gave an excitability of 350 

CaCla 0.016 gave an excitability of 119 
0.012 gave an excitability of 100 
0 . 045 gave an excitability of 69 

NaCi 0 . 163 gave an excitability of 0.4 
0 . 325 gave an excitability of 82 
0 . 650 gave an excitability of 100 

When the NaCl was modified, the osmotic pressure was kept constant 
by the addition of glucose. 

It has been found possible to maintain rhythmic contraction in strips 
of ventricular muscle of the turtle for a long time by simply suspending 
them in appropriate salt solutions. Such strips have been carefully exam- 
ined histologically and appear free from ganglion cells; ] Of course, nerve 
fibers are present. The work of Lingle shows that sodium chloride is 
absolutely essential for the origination of rhythmic contractions in strips 
of turtle ventricle and that oxygen is equally necessary for maintaining 
long-continued rhythmic action. This may be supplied as oxygen gas, 
or as H 2 O 2 . Whether Lingle's preparations of ventricular strips were 
entirely free from nerve elements as he believed them to be seems doubt- 
ful to the present author. Similarly, others have found that sodium 
chloride has a definite role to play in maintaining rhythmic heart activity 
in a great variety of hearts. In all these cases, however, it is impossible 
to be free from the suspicion that the NaCl may affect nerve elements 
in the heart wall, as well as muscle. 

In a rather recent review of the relation of ions to the contraction of 
heart muscle, Mines again calls attention to the balance of ions which 
must exist in a physiological saline solution, as already indicated by Ix>eb. 
Mines found the frog heart to beat continuously and normally in a 
solution of the composition: 

100 cc. M/8 NaCl 
2.5 cc. M/8KCI 
2.0 cc. M/8 CaCU 

provided the solutions are kept saturated with oxygen. 

Removal of sodium from the solution renders heart contraction 
impossible. Sodium probably acts in a variety of ways in the solution. 
It serves to maintain the proper osmotic pressure, and serves also as the 
chemical stimulus for the muscular contraction. 
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Eemoval of potassiiiiiii from the solution results in a prolonged systole. 
The removal of the potassium does not, however, render heart action 
impossible, provided the sodium and the calcium are maintained in proper 
balance and the needed oxygen is supplied. 

Eemoval of calcium (Fig. 32) results in a great weakening of rne 
contractions, ending in what may be termed the sodium standstill 
Under the influence of the unantagonized sodium, the heart muscle 
contracts with greater rapidity for a time, the beats becoming of less and 
less amplitude until they cease entirely. At the same time the muscle as 
a whole loses tone and seems to stretch. This action is reversible if 
not allowed to go too far, since the addition of calcium to the solution or 
the replacing of the sodium and potassium alone by a solution containing 
calcium also will frequently cause the heart to resume contractions which 
may continue for a long period in a perfectly normal way. Just as sodium 
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Fig. 32.~“Effect of salts upon isolated frog iieart. a. Heart beating in M/8 Mines* 
solution and oxygen, pH 7.36. 5. Heart placed in M/8 NaCI and oxygen, pH 7.35. Note 
tbat at the very first there is an increase in the amplitude of the contractions. This soon 
decreases steadily until the heart finally stops, c. Heart placed in Mines’ solution. Beats 
are quickly resumed and continue for a long period. (Decord made by Courtland Griswold.) 

is essential for the initiation of the heartbeats, so calcium or some similar 
bivalent ion is necessaiy to overcome the poisonous effect of the sodium, 
and so maintain heartbeats over a long period. It may be that the cal- 
cium (or other substitute for it, as strontium) forms, with some substance 
of the muscle (or its membrane), a compound which dissociates readily 
and which is a cardinal factor in the activity of the muscle. Strontium 
is apparently able to fill the same niche in the architecture of the muscle 
as the calcium. Other bivalent metal ions do not have this same power. 

4. The importance of a few of the products of heart-tissue metabolism 
has been emphasized by some workers. There seems to be so little in the 
suggestion that it is offered only as a matter of record. 

5, The importance of the electrical charges of certain surfaces or 
membranes in the heart has been mentioned by Mines. He says: 

Some essential part of the excitatory or contractile mechanism of the heart 
involves certain surfaces or membranes whose differential ionic permeability 
must be kept at or near a certain value. Since, other things being equal, the 
permeability of the membrane depends upon its electric charge, the electric 
charge must be kept at or near a certain value. 
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Later, Mines conceived that ^^the abnormalities of contraction result^ 
ing from overrapid stimulation were incident to the local accumulation 
of lactic acid.’^ 

6. The importance of the hydrogen-ion concentration of the perfus- 
ing liquid has attracted the notice of others. Clark first called attention 
to the necessity of maintaining the hydrogen-ion concentration between 
pH 6.7 and 8.5. Dale and Clark had shown that weakly acid Ringer^s 
solution has the effect of reducing the force of the beat and of impair- 
ing conduction from auricle to ventricle. Mines recorded slowing of the 
frog heart and the lengthening of the auriculo ventricular interval with 
solutions of pH 5.5, and with one of pH 9 a quickening of the rate 
and a shortening of the conduction time. Finally, Dale and Thacker 
demonstrated that the range of the hydrogen-ion concentration in which 
automatic rhythm develops in the frog heart shifts toward the alkaline 
side when passing, in testing, from the venous to the arterial end of the 
heart. 

Careful determinations of the hydrogen-ion concentrations of the body 
fluids of a variety of animals appear to indicate that there is a compara- 
tively limited range of hydrogen-ion concentrations (pH 10 to pH 5.5) 
which will permit heart contractions to take place. Within this range is 
a much narrower range which may be considered to represent the opti- 
mum concentration of hydrogen ions for the particular heart in question. 
Also, it has been determined in certain cases that the concentration of 
hydrogen ions which may be the optimum for the action of one part of a 
given heart may not be the optimum of some other part of the same heart. 
In the hearts of certain of the vertebrates the optimum for the sinus is 
slightly more acid than that of the auricle, and the optimum concentra- 
tion for the auricle is somewhat greater than that for the ventricle. 

The following chart gives an indication of the pH limits found by 
Dale and Thacker to exist in the heart of the frog. 


Tasle 39. — ^pH Limits for Frog Heart 


Concentration 


2 3 4 5 6 7 8 9 


^ « ... 


Ventricle ■ — — 

Duration S. A. 

Interval 


decreases: 

A. V. Interval 



' — > decreases # 

Cycle ' ■ ' ,, : 


increases 

-•-^:':;ln0reases:4.::;A;^ 


Usually the optimum hydrogen-ion concentration is slightly on the 
alkaline side of the neutrality ^ though in certain of the ascidians it is on 
the acid side. 
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, In general, it may be said that an increase in ' the hydrogen-ion 
concentration beyond the optimum tends to diminish the force of the 
systole, to increase the diastole, and finally to cause a rest in a state of 
complete relaxation. If in this completely relaxed condition the heart is 
now washed in a neutral solution, weak beats may occur, but if the heart 
is washed in a slightly alkaline solution, prompt recovery occurs. Too 
strong an alkaline solution will cause the heart to stop in systole. The 
stoppage of the heart in the more acid solution may be due to some 
alteration in the chemical character of the muscle substance. Whatever 
this change is, it may, if not allowed to continue for too long a time, be 
almost instantly reversed by an alkaline solution. Whether the action 
here is similar to that in the case of spermatozoa, which are unable to 
move in an acid solution but which become active in a slightly alkaline 
solution, is a matter for further investigation. 

Still more recently E. C. Andrus, working upon the heart of the tor- 
toise and keeping the hydrogen-ion concentration always within limits 
which are normal to the organism and on the alkaline side of neutrality, 
found that slight alterations in the pH value of the perfusate causes 
definite changes in the heart activity. A decrease in acidity to a pH 
value of 7.6 to 7.8 brings about a rise in the tonus of the auricular muscle 
and the amplitude of the beat is decreased. A slight raising of the pH 
value to 7.3 increases the cardiac output in either or both of two ways, 
i.e.j by a decrease of tone and hence an increase in initial volume, or by 
an increase in the amplitude of the beat. 

It is an interesting fact that the trivalent ions of the rare-earth metals 
La+++, Nd"^”^, etc., have the same effects upon the heart as an acid solu- 
tion, although the solution in which they act may be perfectly neutral. 
The influence of the solution is remarkable, a concentration of N/100,000 
solution of either of the earth metals mentioned stopping the heart 
of the frog in 30 seconds. Often concentrations of only N/1,000,000 
stop the heart. The mode of arrest, absence of recovery, or slow and 
imperfect recovery on washing out with neutral saline solutions, and the 
immediate and complete recovery on washing out with alkaline solution 
are all reproduced exactly. 

Andrus and Carter have experimented upon the hearts of the terrapin 
and upon dogs, perfusing the hearts with the desired media. Galvano- 
metric records were made and the intervals carefully measured. As the 
result of their work, it appears to be demonstrated that in these prepara- 
tions it is possible to control accurately, to accelerate and to retard, to 
abolish and to restore the development of the excitatory process and its 
propagation by changing the pH of the perfusion fluid. In this work vari- 
ations in the hydrogen-ion concentrations between pH 7.1 and 7.8 were 
employed. It was found that a change from a more alkaline to a less 
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alkaline perfusing fluid is accompanied by a definite slowing of the rate, : 

and that shifting to a perfusate of higher pH results in a more rapid : 

rhythm. Coincident with these changes there are also observed changes 1 

in the rate of conduction from auricle to ventricle. This period is uni- f 

formly lengthened by a perfusate of pH 7.1 and shortened by one of 
pH 7.8. In other words, change to a less alkaline perfusate retards the 
rhythm of the heart as a whole and decreases the rate of conduction, while 
variation toward a more alkaline solution produces a more rapid rhythm 
and facilitates conduction, (Compare with effects of vagus and sympa- 
thetic stimulation.) 

Heart Block in CMck Embryo. — It was found by Mr. Johnstone that delicate 
ligatures could be placed at different levels around the beating hearts of chick 
embryos and that he could thus functionally isolate the different parts of the 
heart tube, producing what is known in the adult as heart block, a condition where 
the subdivisions of the heart beat independently of each other, the coordination 
normally existing between ventricle and atrium being lost. Since this could be 
done in embryos of 2-, 3-, and 4-day incubation, it became possible for Mr, John- 
stone to study contraction of embryonic heart muscle before the problem is 
complicated by the ingrowth of nerve fibers and where the only conducting system 
is the muscle itself . Further than that, by altering the level of the ligatures, the 
different parts of the heart tube could be observed, both separate and connected, 
and thus the effect of one part on another could be determined for different stages 
of growth, 

Mr, Johnstone found that when a ligature is tied at the atrioventricular 
junction, the atrium continues to pulsate, while the ventricle and bulbus, after 
stopping for a moment, begin to contract, but at a slower rate and more irregu- 
larly than that portion of the heart on the other side of the ligature, Le,, a definite 
heart block is produced. If, after the ventriculo-bulbar segment has resumed 
its contracting, another ligature is placed around the heart at the junction of the 
ventricle and the bulbus arteriosus, the latter stops contracting while the ventricle 
continues without apparent change. The bulbus in these experiments sometimes 
fails to beat again, but if pulsation is reestablished, it is after a longer interval 
and at a slower rate than in the isolated ventricle. 

At present there is some uncertainty as to the exact location of the junction 
of the sinus venosus with the atrium in these early stages, and this is one of the 
problems that now faces us. Mr, Johnstone placed a ligature in this general 
region and all that part of the heart tube cranial to the ligature (atrium, ven- 
tricle, and bulbus), after a brief cessation, resumed pulsations, maintaining the 
regular sequence of atrium, ventricle, and bulbus, though at a slower rate than 
before tying the ligature. It would thus appear that the ultimate and regulative 
control of the heartbeat must be in the sinus region. 

Further experiments were done in which the ligatures, after being fiirmly 
tied, were removed, leaving a crushed line of constriction in the cardiac tube that 
physiologically isolated the portions on either side of the constriction, producing 
heart block in accordance with the level at which the crushing occurred. 


OIECULATION OF BODY FLUIDS 


221 


Dr. Lewis has studied the initiation and character of the early rhythmic 
contractions of the heart by removing this organ from 2- and 3-day chick embryos 
and observing its behavior in Lockers solution, where it maintains fairly regular 
automatic pulsations for several hours at room temperature (26®C.) var 3 dng in 
different hearts from 40 to 80 per minute, which is about one-third of that in 
the freshly opened egg. If the temperature is gradually increased the rate 
increases, going from 26 to 30®, about four beats per minute, from 30 to 35® from 
four to eight beats per minute, and from 35 to 40® from four to twenty beats 
per minute. The rate of the isolated heart varies definitely according to certain 
environmental conditions, such as temperature, carbon dioxide tension, hydro- 
gen-ion concentration, and salt content of medium, and also upon mechanical 
stimulation. 

In studying the effect of changes of temperature on contraction phenomena 
of these isolated hearts, Dr, Lewis found that the heart block which Mr. John- 
stone had effected by ligatures could be brought about simply by an abrupt rise 
in temperature. For example, when a heart beating regularly at 92 per minute 
at 27°C. was placed in a warm box at 38®C,, after 3 minutes the atrium was beat- 
ing at 120 and the ventriculo-bulbar part at 12 per minute; and when returned 
to room temperature, within 10 minutes the whole heart was found beating syn- 
chronously again at 92 per minute. There was some variation in the beha'^dor 
of the individual specimens as to the degrees of temperature necessary and the 
amount and character of the disharmony, but in general the effect was as strik- 
ing as the illustration given. With few exceptions the atrial end was most resist- 
ant and beat most rapidly and the ventricular and bulbar portions, in that 
order, exhibited a much slower rhythm and showed more tendency to be inter- 
mittent. The heart block of the clinicians has been supposed to be due to injury 
to the atrioventricular conduction bundle. Since these young embryonic hearts 
contain no such bundle, it cannot be the explanation here. Nor is it due to any 
serious injury of the atrioventricular or ventriculo-bulbar junctions, since the 
condition disappears when the hearts are brought back to room temperature. 
The explanation must rest in the physiologic differences existing between the 
muscle cells of the atrium, the ventricle, and the bulbus. Apparently these 
physiologic differences are increased through the circumstances of the experiment 
and the different parts of the heart are rendered more sensitive to thermal and 
other changes. It is certainly not temperature alone that causes heart block, 
because the same temperature in the egg, with the heart in the normal environ- 
ment, yields a synchronously beating heart. 

The inherent difference in the constituent ceUs of the atrial, ventricular, and 
bulbar portions of the cardiac muscle sheet is best shown by dividing the isolated 
heart into these three parts and studying them in Locke’s solution. Dr. Lewis 
made records of such preparations, lying side by side, under various conditions 
of temperature and in open and closed chambers. This latter point makes a 
difference, for when the observing chamber is closed with a cover glass the rate 
is accelerated, due presumably to increased carbon dioxide tension. It is hoped 
that this important point can be definitely determined. When kept at room 
temperature it was found, in confirmation of Mr, Johnstone’s ligature experi- 
ments, that the atrium always beats faster than the ventricle and faster than the 
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bulbus. The rate of the atrium approaches closely that of the entire heart. The 
rate of the ventricle, on the other hand, is usually less than half that of the atrium 
for the 2-day hearts, and considerably less than that for the 3-day hearts. The 
ventricular rhythms are apt to be more irregular than the atrial. The pulsations 
of the bulbus often fail entirely and are usually few in number and irregular when 
they do occur. All of these things make it quite evident that the relatively fast 
rate of the ventricle and bulbus in the intact heart is dependent upon stimulus 
from the atrium. When these parts are separated they show less spontaneity 
in older stages than younger ones. In other words, the muscle cells of the ven- 
tricle and bulbus tend to lose their spontaneous rhythmicity with age. 

Neurogenic Theory of the Heartbeat. — ^The evidence for a belief in 
the nervous origin of heart contraction comes in part from a study of the 
distribution of nervous elements in the musculature of the heart. It is 
found that the degree to which rhythmic power is developed in the heart 
muscle is evidenced by a corresponding development of the nervous struc- 
tures of the heart wall. The nervous elements are especially abundant 
in the posterior (or sinus) part of the heart tube (in amphibian and reptile) 
and least so in the apex of the ventricle. Such a distribution is fairly 
characteristic of the conditions found among the vertebrates. It may be 
suggested that the different character of the muscle cells in the different 
regions of the heart wall should be looked to to explain the differences 
noted in the physiological behavior of these parts — ^for these structural 
differences do certainly exist. 

The work of Carlson and of Garrey upon the heart of limulus has 
thrown a new light upon the matter. Carlson has shown that in this form 
the cardiac contractions are purely of nervous origin. This result was the 
more readily obtained because of the ease of separation of the nervous 
centers from the muscular portion of the heart (Figs. 33, 34, and 35). 
There might almost be an excuse for thinking that limulus was evolved 
for the purposes of laboratory investigation. Extirpation of the nerve 
cord causes an immediate and permanent stoppage of the normal rhyth- 
mic activity of the heart. That the muscle is still able to contract 
may be shown if it is stimulated by pinching or by an electrical current, 
when it will give a single contraction for each stimulus. The fact that 
the heart beats normally in a rhy1;hmic manner must be due to the 
rhythmical activity of the nerve cells of the elongated heart ganglion. 
Carlson also found that the degree of automatism of the different regions 
of the heart of limulus varied with the number of ganglion cells connected 
with them. As in the vertebrate heart, these cells are most numerous at 
the posterior or sinus end and least numerous at the anterior or aortic 
end of the heart. 

To this evidence Garrey has Added an accumulation of observations 
which make certain the neurogemb origin of the heartbeat as far as this 



CIBCmAflOM OF ■■■BODF TLUmS 


,233 


form. IS concerned. ' He,, shows, that the temperature coefficient , of the 
activity of the whole heart . of ^ limulus for a 10® interval is the same as that 
obtained when the ganglion alone is subject to the temperature change. 

. Further, he has shown that this temperature coefficient is' that of chemical 




Fig. 33. — Heart and heart nerves of Limulus polyphemus. Dorsal view. JL, anterior 
artery; LA, lateral arteries; LN, lateral nerves; MNCf median nerve cord; 08, ostia. 

Fig. 34. — Heart of Limulus, Dorsal view. Showing the connection of the ventral 
with the cardiac nervous system, MNO, dorsomedian nerve cord on the heart; PNC, 
pericardial nerves; 7, 8, branches from the two posterior hemal nerves from the brain; 
9-13, branches from the hemal nerves of the abdominal ganglia. 

Fig. 35, — Brain and abdominal ganglia of Limulus, Dorsal view. I-V, nerves to 
corresponding ambulatory appendages; 2-8, hemal nerves from the brain. The nerves 
7 and 8 carry the inhibitory fibers to the heart. 9-13, hemal nerves from the thoracic 
ganglia, carrying accelerator fibers to the heart. 

changes taking place within the ganglion cells; indeed, that the rate 
of the cardiac rhythm and the rate of carbon dioxide production by the 
ganglion cells run parallel courses; and still further, he has shown that 
stimulation of the inhibitory nerves of the heart of limulus actually 
decreases, in the ganglion cells controlling the heart, those chemical 
processes which result in the production of carbon dioxide. 
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To Howell it seems doubtful whether these results of the work 
of Carlson and of Garrey can be applied to vertebrate hearts. He calls 
attention to certain characteristics in which crustacean heart muscle 
differs from that of vertebrates, viz.: 

1. It has no refractory period. 

2. It can be tetanized. 

3. It gives submaximal contractions. 

The Pacemaker of the Heart, — ^The portion of the heart in which 
resides the greatest rhythmic power really dominates the rest of the heart 
musculature and may be referred to as the pacemaker. In the hearts of 
the frog and turtle it is easy to show that the natural rate of the beat of 
the sinus is more rapid than that of the auricle or ventricle. Placing a 
tight ligature about the heart at the level of the sinuauricular junction 
will cause the auricle and ventricle to stop beating, at least for a time. 
When the beat of the ventricle is resumed, it is at a slower rate than that 
of the sinus. It can also be shown that when the temperature of the sinus 
is altered, the rate of contraction of the whole heart is modified, while 
alteration of the temperature of the ventricle alone does not have this 
effect. 

It is uncertain as to what structure should be called the pacemaker 
among invertebrated animals. It seems evident in many cases that the 
beat begins at the posterior end of the structure and passes rapidly for- 
ward. In the earthworm, where there is no true heart, the beat of the 
dorsal blood vessel begins at the posterior end of the body and runs 
rapidly toward the anterior end. There is stiU much to be done in this 
connection in order to give a complete account of the origination of the 
heartbeat. 

Among the warm-blooded animals it has been found somewhat 
difficult to homologize the parts of the heart with those of the hearts of 
the cold-blooded animals. There are three structures to be considered: 

1. Auriculoventricular node (node of Stanley Kent) located at the 
base of the auricular septum. This is a collection of primitive cells and 
fibers continuing downward as a bundle (bundle of His) to its inter- 
ventricular septum. 

2. Sinuauricular node, discovered by Keith and Flack, which is located 
in the wall of the auricle. This part corresponds to the sinus venosus of 
cold-blooded vertebrates. It is club-shaped and has no apparent con- 
nection with the auriculoventricular node. 

/ 3. Concentration point. The muscles of the auricle radiate in a 

fanshape from a point which lies just below the sinuauricular node. This 
is the concentration point. 

The beat appears to originate in the walls of the auricles, and in the 
dnuauricular node. The wave may be propagated along the musculature 
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of the auricle to the auriculoventrieular node, or possibly by some more 
direct route than the auricle muscle. ;; 

Automaticity of the Heart of Periplaneta. — Not much is known con- 
cerning the initiation of the heartbeat among invertebrates, although 
considerable is known concerning augmentor and inhibitory nerves. 

Steiner, in an attempt to discover the origin of automaticity of the 
heart of the cockroach Periplaneta, followed the general line of investiga- 
tion used by Garrey upon limulus, in which the heartbeat was foimd 
to be of neurogenic origin. The experiments made on limulus cannot 
easily be repeated upon insects on account of their small size and on 
account of the fact that the heart ceases to beat when removed from its 
normal attachments. Steiner has studied the effect of changing tempera- 
ture upon heart action of Periplaneta americana, following the general 
line of attack of Crozier and his school, and concludes that the heartbeat 
is of neurogenic origin and that the centers of automaticity lie in the 
ganglion cells of the lateral heart nerves. 

The entire heart possesses automaticity, with the exception of the 
portion lying in the first thoracic segment. The heart automaticity 
decreases from the posterior toward the anterior. The automatic stimuli 
are not conducted over the ventral cord. The impulses which accelerate 
the heart action, which are called forth by faradic stimulation at the 
neck stump, reach the heart over the ventral cord, as well as over 
the heart lateral nerves. Therefore, we may conclude that stimuli, in the 
heart lateral nerves, are conducted anteriorly as well as posteriorly. 
When the heart is cut through at the beginning of the abdomen, there is 
shown for the thoracic part of the heart a p value change whose sig- 
nificance is still not evident. 

Cardioregulator Nerves in Invertebrates. — ^The knowledge of the 
existence of the various nerve elements in the vertebrates dates back 
to the work of the brothers Weber in 1845. This work naturally led 
to the investigation of the invertebrates to discover whether such struc- 
tmes exist also in these less specialized forms. As the result of these 
studies, the occurrence of nerves having functions similar to the cardio- 
regulators of the vertebrates in the Annelida, Crustacea, Arachnida 
(limulus), and Mollusca is known. Observations upon the nervous 
control of the pulsating vessels in the worms Arenicola and Nereis were 
made by Carlson in 1907. Seven years later observations upon the 
nervous control of the dorsal blood vessel of the earthworm Luwbricus 
agricola were made by a student in the author’s laboratory. In the 
earthworm, stimulation of the ventral nerve cord gave evidence of 
the existence of both acceleratory and inhibitory fibers. These accel- 
erations and inhibitions were less pronounced than has been described 
in higher animal groups, and no indication was found as to whether the 
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nervous elements responsible for these controlled effects were located in 
the walls of the blood vessels or in the ganglia of the ventral nerve chain. 
That nervous tissues do exist in the walls of the pulsating blood vessels 
of Nereis and Arenicola has been well shown by Carlson. He calls 
particular attention to the fact that in the walls of the blood vessels of 
the forms mentioned there are found the same tissues in the same funda- 
mental associations as in the higher forms, m., muscle cells, ganglion 
cells, and nerve fibers, but he was not able to establish microscopically 
the existence of connections between these nerve elements and those of 
the ventral nerve cord. 

Carlson found in Arenicola that stimulation of the ventral nerve cord 
usually inhibited the esophageal hearts in diastole, and at the same, time 
increased the rate and force of the contractions of the dorsal blood vessels. 
In the earthworm, both accelerations and inhibitions have been obtained, 
with the former more clearly in evidence. Carlson^s experiments indi- 
cate that the isolated vessels of Nereis and Arenicola continue to beat 
rhyt/hmically after removal from the body, hence the mechanism for 
the origination of the beat must be localked in the muscle wall. This 
fact has undoubtedly had much influence with those who contend for 
the myogenic theory of the origin of rhythmic heart action. 

Gaskell found that the musculature of the vascular apparatus of the 
higher worms is under nervous control. He found that in each segment 
of the leech Hirudo a small branch of the anterior nerve goes to the waR 
of the lateral blood vessel and that this nerve is made up of fibers arising 
from the cells located in the central segmental ganglion. Some of the cells 
of this same ganglion are chromaflia cells. He found also that the lateral 
vessels have a rhythmic activity of six to eight contractions per minute, 
and that the rhythmic movement continues even though the nervous 
connections are severed. GaskeU, therefore, believes that the power of 
rhythmic contraction is inherent in the muscular tissue of these vessels. 
Gaskell found that stimulation of the anterior segmental nerve while 
the posterior nerve is intact slows the rhythm; that stimulation of the 
anterior segmental nerve after the posterior nerve has been cut accelerates 
the rhythm of the blood vessel He also found that stimulation of the 
posterior segmental nerve after the anterior nerve was cut has no effect; 
but that stimulation of the posterior nerve after the worm has been 
decapitated slows the rhythmic action of the blood vessels. It may then 
be stated that the anterior nerve is an accelerator; its action is abolished 
by ergotoxin: the posterior nerve is an inhibitor; its action is abolished 
by curare. The nerve supply to the walls of the blood vessels is thus a 
double one and corresponds to the double supply of the vertebrate heart 
through the vagus and S3ntnpathetic nerves. 

It is evident from what has been said that there exists in this lowly 
group of animals the same set of physiological problems for properly 
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distributing blood and in originating and maintaining vascular' contrac- 
tions as are found in the higher groups— and , apparently worked out 
somewhat according to the same general plan. Certainly the same sets 
of tissues are involved' and the tissues have essentially the same proper- 
ties as occur in the higher forms, but developed to a lesser degree, 

MoUusca— Budington found that individuals of Venus mercenaria 
exhibit a good deal of variation in rate and character of heartbeat, depend- 
ing upon physiological conditions. In animals which are exhausted, 
there is great irregularity. The significant result of Budington^s work 
in this comiection is that he found that stimulation of the visceral 
ganglion causes arrest of the heart. The curve drawn by the beating 
heart of Venus, subjected to electrical stimulation of the visceral ganglion, 
is strikingly like the curve of vagus inhibition of the heart of a frog or of 
a turtle. Stimulation of nerves passing from the visceral ganglion to 
the heart gives results entirely comparable to vagus stimulation, 
long aftereffects of strong stimulation, and typical escape from week 
stimulation. 

The following symbols are used in the figures of the nervous systems 
of certain of the MoUusca and Artfaropoda. These figures are all taken 
from Carlson^s paper, '^Physiology of the Invertebrate Heart/’ 


Ay anterior artery. 

ACy abdominal commissures. 

AOSy aortic sinus. 

AUf auricle. 

BGy branchial ganglion. 

€C, cerebral commissure. 

CGy cerebral ganglion. 

CPCy cerebropedal commissure. 
CVCy cephalic vena cava. 

CVCOy cerebro visceral commissure 
GVy gill ventricle. 

Hy heart. 

HGy hind gut. 

LAy lateral arteries. 

LN, lateral nerves. 

LVNy left visceral nerve. 

MNCy dorsomedian nerve cord. 
OEEy esophageal nerve cord. 

OSy ostia. 

PA, posterior aorta. 


Abbreviations 

PC, pedal cord. 

PGy pedal ganglion. 

PLGy pleural ganglion, 

PLC, pleuro visceral cord. 

PN, pallial nerve. 

PVGy pleurovisceral ganglion. 
PS, posterior sinus. 

E, rectum. 

RCNy recurrent nerve. 

RV, renal vein. 

RVNy right visceral nerve. 

sternal artery. 

SL, suspensory ligaments. 

SV, systemic ventricle. 

THG, thoracic ganglion. 

F, ventricle. 

VC, visceral commissure. 

VG, visceral ganglion. 

VNy visceral nerve. 


Carlson has shown that the auricles and ventricles of the lamelli- 
branchs, Mytilus (Fig. 36), Mya (Fig. 37), Tapes, Venus, and Pecten, 
are supplied with inhibitory nerves from the visceral ganglia. 

Faradization of the lameUibranch heart results in an increased tonus, 
which may become so marked that the syatolic contractions are obscured. 
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Repeated stimulation reduces the tonus even to complete disappearance, 
but it reappears after rest. After repeated stimulation a negative chrono- 
tropic^ and tonotropic^ effect may be seen. Acceleration often follows 
the negative chronotropic effect. This is not due to suppression of the 
inhibitory mechanism, for it may appear primarily during faradization 


Fig. 36. Fig. 37. Fig. 38. 

Fig. 36 . — Mytilus calif ornianus. Dorsal view. 1, posterior mantle nerve; 2, brancbial 
nerve; 3, nerve to posterior adductor muscle; 4, nerves to dorsal body wail and pericardium; 
5, nerves to base of auricles; 6, nerves to body wail and pericardium; 7, nerves passing 
posteriorly in the dorsal body wall; 8, 9, 10, ganglia on nerves 4; 11, nerves from the cerebro- 
viscerai commissure to the kidneys; 12, nerves from the cerebroviscerai commissures to 
the adductor muscles of the foot and the byssus. 

Fig. 37 , — Mya arenaria. Ventral view. 1, nerve to mantle and siphon; 2, branchial 
nerve; 3, nerve plexus on the ventral surface of the kidney between the cerebroviscerai 
commissures and the visceral ganglion; 4, nerves to kidney (and heart); 5, nerves from the 
cerebroviscerai commissure to the reproductive glands; 6, nerves to kidney. 

Fig. 38 . — Cryptochiton stelleri. Ventral view. 1, nerves from pleurovisceral cords to 
auricles; 2, nerves that can be followed to the point of attachment of the auricles to the 
body wall; 3, 4, connectives between the nerve cords. 


or as a result of a single stimulus. During systole the ventricle is refrac- 
tory, but in diastole a single stimulus is followed by an extrasystole. The 
next spontaneous beat follows at the regular interval, a condition 
similar to that of the frog ventricle when beating independently. A 
single induction shock may increase ventricular tonus even if the stimulus 
falls in systole. In this, heart tonus and systolic contraction are two 
independent processes.' 

1 See p. 233 for definition of terms. 
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The hearts of the chitons (Fig. 38, Cr3rptOGhiton) are provided mth 
accelerator nerves, reaching the heart from the palliovisceral nerve cords. 
In the prosobranchs (Fig. 39, Haliotis; Fig. 40, Sycotypus), abalone, and 
the limpet, stimulation of the esophageal nervous complex or of the pallio- 
\dsceral connectives, all the visceral organs being intact, or stimulation 



nerves to the visceral ganglia; 5, nerves to floor of paliial cavity and efferent gill sinus; 
6, nerve to rectum; 7, 8, nerves to base of auricles; 9, nerve to dorsal pericardium; 10, 
nerve to ventral wall of pericardium and aorta. 

Fig. 40 . — Sycotypus canaliculatus. Dorsal view, 1, nerve to floor of paliial cavity; 
2, nerve to pericardium and auricle; 3, nerve to ventricular ganglion; 4, nerve to liver and 
genital organs; 5, nerve to ventricular ganglion; 7, renal nerve; 8, ganglion on ventriculo- 
aortio junction; 9, ventricular nerves; 10, pleurobranchial commissure; 11, nerve to hind 
gut. 

of the commissure in preparations in which a portion of the gills and the 
major part of the visceral hump have been removed has accelerator effects 
on both the auricles and the ventricle; if the heart is quiescent, the stimu- 
lation produces a series of beats; if in a state of rhythmical contraction, 
the rhythm, is augmented. 

Among the tectibranchs (Fig. 41, Aplysia), cardioaccelerators are 
probably present in all forms, but inhibitory nerves have not been 
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described. Among the nudibranchs both acceleratory (possibly com- 
bined with augmentory) fibers and inhibitory fibers are found. 

In the pulmonate Ariolimax (Fig. 42, Ariolimax), the evidence shows 
that the auricle is provided with both augmentor and inhibitor nerves; 
the ventricle is similarly provided with augmentor and in all probability 


Fig. 41. Fig. 42. 

Fig. 41 . — Aplysia californica. Dorsal view. 1, nerve to osphradium; 2, branch to 
roof of gill chamber; 3, nerve to viscera; 4, nerve to gill; 5, nerve to dorsum of the anal 
region; 6, nerve to liver, ventricle, and reproductive glands; 7, nerve to pericardium, 
kidney, and auricle; 8, branches to kidney; 9, branch to auricle; 10, branch to liver; 11, 
branch to the reproductive gland; 12, branch to aortic sinus; 13, nerve connecting right 
pedal and visceral ganglia. 

Fig. 42 . — 'Ariolimax columbianua. Dorsal view. 1, 2, 3, nerves to mantle and pallial 
cavity; 5, renocardiac nerve; 6, nerve to intestine and liver. 


with inhibitor fibers, but the influence of the augmentor nerves is pre- 
dominant. In Limax the auricle is provided with both augmentor and 
inhibitor nerves, and the ventricle is provided with inhibitory nerves 
which enter through the wall of the auricle. 

In Helix, Carlson found that the auricle and ventricle are supplied 
with both accelerator fibers from the visceral nerve. Inhibitor and 
accelerator fibers enter the ventricle at the aortic end, and some inhibitor 
fibers reach the ventricle thrbugh the auricle. The nerves to the auricle 
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enter at, the base of that organ. The inhibitor fibers are the more readily 
excited and their influence is the more marked because of this. 

The vascular system of the cephalopods (Fig. 43, Xoligo) is structur- 
ally much more complicated than that of any other of the Mollusca. 
It is not at all surprising, therefore, to find that different investigators 



Fig. 43 . — Loligo pealiu Ventral view. 1, commissure between the visceral nerves 
ventral to the vena cava; 2, nerve to the visceropericardial envelope; 3, nerves to rectum 
and duct of the ink gland; 4, nerves to ink gland; 5, nerve to penis; 6, cardiac nerve; 7, 
auricular nerves; 8, nerves to adductor muscles on the gills; 9, ganglia on gill ventricles; 
10, ganglia on auricles; 11, nerves to vena cava. 

Fig. 44 . — Pcdinurus sp. Dorsal view, heart displaced posteriorly. I-V, nerves to 
corresponding ambulatory appendages; 3Mt nerve to third maxilHped; 1, 2, nerves to 
adductor muscles and heart; 3-6, nerves ramifying in the arterial plexus on the adductor 
muscles; 7, 8, cardiac nerves. 

have reached diverging conclusions as the results of their investigations 
upon the cardioregulator nerves in this group. The study of the cardio- 
regulators in these forms dates back to the investigations of Paul Bert, 
1867, who was the first to discover the inhibitory influence upon the heart 
of the stimulation of the visceral nerve of a cephalopod by means of 
induced currents. Fredericq, 1878, found accelerator fibers going to 
the systemic heart of octopus,. Iteinvestigations by Fuchs, Botazzi 
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and Enriques, Carlson and Fry left a somewhat uncertain and confused 
state of affairs. Carlson concludes that the systemic and branchial 
hearts of the cephalopoda are supplied with inhibitory fibers from the 
two visceral commissures, and there is some evidence that augmentor 
fibers reach the hearts from the same source. The rhythmically con- 
tracting parts of the renal veins are in all probability supplied with inhibi- 
tory fibers from the visceral commissures. 

Arthropoda. — In Palinurus (Fig. 44) it was found that stimulation of 
the thoracic ganglion with weak, interrupted currents resulted in inhibi- 
tion of the heart, while the stimulation of the same ganglion with strong, 
interrupted currents resulted in an acceleration of the heart. It was also 
found that stimulation of the small nerves arising from the dorsal side 
of the thoracic ganglion near the nerves going to the maxillipeds results 
in an inhibition, while the stimulation of the nerves arising from the dorsal 
side of the ganglion near the nerves going to the first ambulatory append- 
ages results in an acceleration of the heart. From this it appears that 
there are both inhibitors and accelerators present and that they do not 
have the same threshold value for stimulation. 

Similarly, Carlson has made brief studies of the conditions occurring 
in the tarantula, the Polyphemus moth, and the grasshopper and has 
decided that each of these forms is provided with both cardioinhibitor 
and cardioaccelerator or augmentor nerves, which in the moth and grass- 
hopper are given off, not by the brain, but by the thoracic and possibly 
by the abdominal chain of ganglia. 

Cardioregulator Nerves of the Vertebrates. 1. Inhibitor Nerves . — 
Among the reptiles and amphibia, inhibitory fibers pass to the heart from 
the central nervous system in the vagus nerve. Cutting the nerve causes 
the heart to beat more rapidly and results in increased blood pressure. 


Stimulation of the vagus 

Auricular beat 

Ventricular beat 

With very weak current 

Slows or weakens 

No change 

May strengthen 

Stops — ^and may final- 
ly escape 

With stronger current ' 

Slower and weaker 

With strong current 

Stops — ^and may final- 
ly escape 



Stimulation of the vagus appears to affect those parts of the heart in 
which rhythmicity is more highly developed (see Fig. 45). 

2. Accelerator and Augmenior Nerves . — ^The heart of the frog is also 
under control of certain accelerator and augmentor fibers arising probably 
in the third S 3 unpathetic ganglion. Stimulation of the sympathetic nerve 
by means of a weak interrupted current accelerates and augments the 
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beats after a rather long latent period. The effect here is antagonistic 
to that brought about by stimulation of the vagus nerve. Similar effects 
are obtained in the hearts of reptiles and mammals. In terms of metab- 
olism, it may be stated that stimulation of the vagus by reducing the 
heartbeat favors anabolism, while stimulation of the sympathetic by 
increasing the heartbeat favors catabolism of the heart muscle. The 
aftereffect of vagus excitation is increased energy of contraction, while 
that of the sympathetic is exactly the opposite. 


^ Heart Action. — The facts as to acceleration 

of the heart through stimulation of the accelerator and augmentor fibers 
of the sympathetic nerves and the inhibition of heart action through 
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f ^•■”(^®cords read from left to right.) a. Eecord of normally beating frog heart 
pbjectea to vagus stimulation. Note that the heart contracts three times after the vagus 
IS stimulated and that the inhibition continues after the stimulus is removed. 6. Vagus 
stimulation of the same heart after the sinoauricular node had been painted with nicotine 
solution, c. Vagus inhibition of the heart of a turtle, 

stimulation of the vagus nerves of vertebrates have long been known. 
It is only recently, however, that any rational explanation as to how 
stimulation of a nerve can cause an inhibition has been offered. 

To assist the physiologist in his description of variations of heart 
action, several terms have been introduced: 

Bathmotropic, referring to the irritability of the inhibitor or accelerator nerves: 

-f (positive) = increase in irritability. 

— (negative) = decrease in irritability. 

Chronotropic, referring to the speed of rhythm: 

+ (positive) = acceleration. 

— (negative) == slowing (vagus effect). 

Dromo tropic, referring to the spreading of nerve impulses: 

4- (positive) « more rapid spreading. 

~ (negative) = less rapid spreading (hesitation). 

Inotropic, referring to strength and amplitude of single muscle contractions: 

4" (positive) =:= increase in strength and amplitude. 

— (negative) = decrease in strength and amplitude. 
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Tonotropic, referrmg to condition of ton© of muscle: 

= increase in degree of tonic contraction. 

— (negative) — decrease or loss of tone. 

A great step in advance was made when the suggestion was offered 
that the heart is an organ under definite chemical control. Three sub- 
stances are believed to have a role in the regulation of cardiac activity: 

1. Automating sometimes referred to as the heart hormone.^^ 

2. The accelerator substance, adrenalin or a similar compound. 

3. The vagus substance, one of the choline group, probably acetylcholine. 

Automaiin appears to bring about its effect through the action of 

potassium ions in the muscle tissue. The suggestion has been made 
that the potassium is effective by virtue of its radio-active properties, and 
that other radio-active elements may bring about similar results. There 
is some evidence in support of this idea, though it cannot be claimed as 
generally accepted. The automatin appears to be produced or liberated 
rhythmically by cells of the sinus node, in case of the frog, and by the 
bundle of His of the higher forms. Still other portions of the heart 
substance may also contribute to the manufacture of this substance, 
which is similar to, and may be identical with, adrenalin. 

The investigators of this very interesting phase of heart action include 
Haberlandt, Adachi, Loewi, Asher, Hykes, Viale, DeMoor and Rijlant. 

Haberlandt has found that an excitatory substance is elaborated 
not only in the sinus region of the frog heart, but that it also arises in the 
base of the automatically beating ventricle. He has been able to show 
that this substance not only initiates action but accelerates and augments 
and that it is probably identical with the substance produced in the sinus 
region, which is responsible for initiating normal contractions. It is, 
therefore, not the same as the accelerating substance isolated by Loewi, 
Oppenheimer is of the opmion that this excitatory substance is, not a 
specific heart hormone, but a widely distributed substance, occurring 
in most tissues and possessing, in adequate concentration, an augmenting 
action upon the heart muscle. The substance is exceedingly powerful 
and was found by Haberlandt to revive a quiescent heart in dilutions as 
high as 1:10,000,000. 

Demoor and Eijlant have shown by careful dissections of the isolated, 
perfused, rabbit heart that the auricular impulse may reach the ventricle 
by way of endocardium and subendocardium when the normal pathways, 
represented by the auriculoventiicular node and the bundle of His and 
its branches, are removed. Both auricles possess the two elements 
necessary for haitiation and propagation of automatic activity, viz*, 
contractile muscle and specialized tissue. The regular beating of the 
ventricle, when separated from the auricles and deprived of the bundle 
of His, suggests that there is a liberation of “active substances/^ by some 
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part of the ventricle, which brings , the mnscle into rh3rthjD3icaI activity. 
Extracts of the endothelium and subendothelium and particularly of the 
Keith-FIack node and other nodal tissue of rabbits, dogs, calves, sheep 
and horses 3deld such substances, while the muscle cells themselves appear 
to produce them in lesser amounts or not at all. These substances appear 
necessary to sensitize the heart muscle to adrenalin and for rhythmic 
action. In the presence of these substances (in excess?) vagal stimulation 
is ineffective. 

The Accelerator Substance. — Stimulation of the sympathetic nerves 
going to the heart brings about an increase in the rate and force of con- 
traction. This is apparently due to the adding to the blood of a sub- 
stance very similar to, if not identical with, adrenalin. The accelerator 
substance will cause acceleration of the heart even during electrical 
stimulation of the vagus nerve. This does not mean that the accelerator 
substance neutralizes the vagus substance but that its effect is to inhibit 
the mechanism which naturally produces the vagus substance. The 
source of the accelerator substance has been found, in a number of 
mammals, to be the Keith-FIack node. 

Similarly, when the heart is inhibited by vagus stimulation, there are 
given off from the nodal system substances which will produce vagai 
action when perfused through another heart. These are termed vagal 
substances. 

The vagus substance acts upon the parts of the heart in a regularly 
decreasing series, as follows: auriculoventricular bundle > sinus > 
atrium > ventricle. Ringer extracts of ventricle and of sinuauricular 
wall both show vagus inhibitory effects, the extract of the latter being 
more potent than that of the former. The vagus substance appears to 
be elaborated or collected in cardiac ganglion cells and to be freed to the 
blood stream after stimulation of the vagus. Since choline bodies are 
more abundant after vagus stimulation, it is thought that the vagus 
substance is a choline, probably acetylcholine. 

The vagus substance appears to be nonspecific but to have the same 
general effect in many animals. In doing its work of inhibition this vagal 
substance shortens the heart chronaxie and increases absorption by 
striated muscle. 

The auricles, under the influence of '^active substances, fail to 
respond to vagal stimulation, but may react to vagal substances. The 
'^active^^ and ^WagaP^ substances do not neutralize each other. An 
isolated left auricle immersed in Lockers solution beats irregularly and 
very slowly. The addition of ^^active substances^' induces normal 
rhjdjhmic contractions. Addition of vagal substances now leads to a 
typical effect. Both substances act in absence of nodal tissue, and 
therefore directly upon the heart muscle. 
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E. Sliarpey-Schafer has directed attention to the fact that in the 
higher animals there is a dual control of body functions, partly neural 
and partly hormonic. Except in the cases of the secretion of milk and 
of urine, which are chemically controlled, the neural type of control 
appears to be the more primitive one. He infers from the evidences of 
comparative anatomy and physiology that in all cases in which a dual 
control exists, the neural, which is the more rapid in its action, is primary, 
and the humoral, secondary; that the object of the humoral is to continue 
and prolong the effect of the neural influence. A more extended dis- 
cussion of this matter may be found in the chapter on Regulating and 
Coordinating Systems- 

Heat Production by Heart Muscle. — Snyder has investigated the 
heat production by the heart muscle of the terrapin and has found that 
heat production during spontaneous contraction begins with, or shortly 
after, the beginning of shortening of the muscle, reaches its greatest 
activity of output at or just before the height of contraction, and then 
continues in lessening amount during diastole for a period of time equal 
to about one-half of the time of the preceding contraction. The amount 
of heat liberated during the contraction of the terrapin ventricle has 
been shown by Snyder to be 0.155 cal. per gram per hour when beating 
at the rate of 5.4 per minute. This is the equivalent of the oxidation of 
0.042 mg. of dextrose. Vernon has made measurements upon the 
CO 2 production of the tortoise heart which are in good harmony with 
this. In a heart beating at the rate of 5.5 per minute the output of CO 2 
is from 41 to 47 cc. per hour per kilogram of heart. This is equivalent 
to about 0.054 mg, dextrose and 0.187 calorie heat per gram per 
hour, 

Snyder found that thermocardiograms (records of heat production 
by the beating heart) of the ventricle of the isolated spontaneously 
beating heart of the tortoise Malaclemmys palustris when surviving in 
oxygen-want differ markedly from similar records obtained when the 
organ has oxygen. There are regularly two periods or waves of heat 
production. The first, or systolic wave, is much less reduced in the 
absence of oxygen than is the second, or diastolic wave of temperature 
rise, the latter, in cases where the oxygen-want is more nearly complete, 
approaching the vanishing point. The two waves of temperature rise 
in the terrapin ventricle are caused principally by ^^initiar^ and recov- 
ery waves of heat production, such as have been observed by others in 
frog skeletal muscle. The duration of the spontaneous beats was 30 to 
216 seconds. Other hearts thus far studied will not beat spontaneously 
at such slow rates, and, therefore, their initial and recovery beats cannot 
be determined separately for each cardiac cycle. The very slow rate 
of the tortoise heart makes it possible to measure approximately how 
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mucli of the heat produced by the ventricle during its beat is of oxidative 
and how much of anoxidative origin. It is found that the heat production 
in both phases is greatly increased upon readmitting oxygen to a heart 
that has been allowed to beat in oxygen-want for several hours (at I to 
3°C.), the increase being much greater during the diastolic than during 
the systolic phase. This relation then gradually subsides until it more 
nearly approaches the ratios found for hearts not previously subjected to 
anoxybiosis. The quantities vary greatly for different hearts; the mean 
values for what may be considered oxygen-debt-free hearts, when reduced 
to a common standard of measure (microcalories of maximum heat pro- 
duction per gram muscle per gram maximum total tension exerted per 
beat), are as follows: Systolic (initial) heat production: anoxidative, 24; 
oxidative, 1; total initial, 25. Diastolic (delayed) heat production: 
anoxidative, 8; oxidative, 46; total delayed, 54. Total anoxidative, 32; 
total oxidative, 47; total heat production for whole cardiac cycle, 79 
microcalories. The total and initial heat productions are of much the 
same magnitudes as have been observed by the author for other cardiac, 
skeletal, and smooth muscle organs responding to nervous or intrinsic 
stimuli- 

Snyder reports that by wrapping the tubular-shaped heart of the 
king crab around the ^^warm^^ junctions of an inserted thermopile, the 
temperature variations of successive beats of the surviving and spon- 
taneously beating organ may be recorded. Simultaneous tension or 
pressure changes were also recorded. Three hearts were studied. The 
results were put in terms of calorie production per beat per gram muscle 
per gram tension exerted; in one case the tension is calculated from 
internal pressure changes observed per square centimeter of heart wall. 
One of the hearts gave results varying as much as 1 to 11. In the other 
two the results were more uniform, and from these it appears that the 
total heat in calories over the tension exerted is of the same magnitude 
as was observed by the same author for the terrapin ventricle. The 
initial or anoxidative heat was not observed, but assuming it to bear the 

same ratio to the total heat as was observed for the terrapin ventricle, 

■ ■ . , ^ 

the author finds a value for the ratio y that is very nearly the same as 

was found not only for the terrapin ventricle, but also for the frog 
gastrocnemius muscle. The averages for the three organs are 2.8, 2.7, 
and 2.8 (X lO”® cal), respectively. It is pointed out that since these 
values are characteristic for muscles answering to single, short-lasting 
rather than to tetanic stimuli, this study of heat production in the limulus 
heart yields evidence favoring the view that the intrinsic normal stimulus 
to beat in this organ is of momentary, single-valley type rather than the 
prolonged tetanic type of stimulation as was proposed by P. Hofmann. 
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The ■Lm of the Heart.“E. H. Starling has made a very careful 
study of the mammalian heart under varying conditions and demands. 
Variations in bodily activity lead to great variations in the demands upon 
the transport system of the body. The heart must, under a great variety 
of conditions, maintain a head of pressure sufficient to drive the blood 
through the arterioles and capillaries and back to the heart. This calls 
for an unusual degree of adaptability to existing conditions, whether they 
be normal or pathological in character. Such adaptations may occur 
even after the nerves connecting the heart with the central nervous 
system have been destroyed. The governing mechanism must, there- 
fore, be located in the heart walls — ^and very likely in the muscle fibers 
themselves. 

The heart of a heart-lung preparation, provided the rate of inflow 
remains constant, forces on an almost perfectly constant amount of blood 
no matter whether the aortic pressure be high or low (within reasonable 
limits). Associated with this is the fact that as the arteriole pressure 
increases, the amount of blood passed through the coronary circulation 
increases, thus supplying the necessary increase in oxygen and food 
supplies which would be demanded by a muscle during extra work. 

On the other hand, when the rate of inflow is varied, there is a very 
marked effect upon the rate of outflow. There is no damming up of the 
blood on the venous side, nor is there any failure of the heart to send on 
the blood from the venous to the arteriole side. The coronary supply is 
here not particularly modified. The muscular walls of the heart adjust 
themselves through the stretching of their fibers to the amount of blood 
sent in from the great veins. 

The heart has also the power of adjusting its total energy changes 
to the work imposed upon it by the mechanical conditions under which 
it is working. As the demands upon the heart become greater, there is 
an automatic increase in the energy expenditure necessary to meet the 
increased demand. A study of the changes in the volume of the ventricles 
and of the pressure inside the ventricles reveals the fact that within 
physiological limits, the larger the volume of the heart the greater are 
the energy of its contraction and the amount of chemical change at each 
contraction.^^ Starling has been able to show that the energy of con- 
traction, however, measured as heat or as mechanical tension is a func- 
tion of the length of the muscle fiber, as has also been shown by Hill to be 
true in the case of skeletal muscle. 

The muscle substance, colloidal in its nature, is composed of unlike 
phases, arranged in longitudinal series, so as to give the appearance of 
fibrils. While there is no absolute proof of the exact conditions existing 
in the fiber, there is some ground for belief that the particles of the dis- 
persed phase may be in the form of globules and that these globules may, 
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through the stretchmg of the fibrils during restj become changed from a 
spherical to an ellipsoidal, form, thus increasing the extent of, the surface 
or interface between' the two phases of the colloid. The rapidity with 
which the chemical energy of the muscle is converted into mechanicai 
energy would seem to indicate that the fundamental changes must take 
place within almost molecular dimensions and be at once translated 
into a change of tension. Under the influence of a stimulus there occurs 
in the muscle substance a chemical change which is accompanied by an 
electrical change. This electrical change may be assumed to occur at 
the surfaces or interfaces between the colloidal phases. Surface tension 
is the form in -which surface energy is chiefly manifested. During periods 
of rest the surfaces between the phases have been at a low tension. 
With excitation of the muscle there occurs an electrical change, with the 
result that globules become electrically charged and also have their 
surface tension increased. The globules then tend to assume the spheri- 
cal instead of the ellipsoidal form which had been assumed under the 
stretching of the fiber. 



CHAPTER IX 
RESPIRATION 


The term respiration involves the gas exchange which constantly 
takes place between an animal and its environment, i.e., primarily, 
the intake of oxygen and the giving oflf of carbon dioxide, but inclnding 
also any other gas exchange which may occur. 

The process is ordinarily separated into two groups of phenomena: 
(1) external respiration, that gas exchange taking place between the 
organism as a whole and the medium in which it lives; and (2) internal 
respiration, the exchange taking place between the cells of the animal 
body and the medium which is the immediate cellular environment. It 
will be noted that as one goes back farther and farther along the line of 
animal descent these two subdivisions of the respiratory process come 
closer and closer together, until in the protozoa and some of the lower 
metazoa the two processes are identical. 

The gas interchange is of interest, not alone as an isolated fact of 
common life, but for the significance which it has in making clear the 
nature of the fundamental chemical processes going on at all times in the 
animal body. From a study of the gas exchange it is possible to obtain 
information as to the carbon equilibrium of the body, the nature of the 
substances being broken down in the body, and a fairly accurate measure- 
ment of the total metabolism of the body during a given period. 

The Need for Oxygen. — It is a matter of common experience that 
life processes of the higher animals cannot continue unless there is a 
continuous and abundant supply of oxygen. The same is true in the 
lower animals. Many of the chemical processes taking place in a living 
organism are oxidations. If these are to continue, a continuous oxygen 
supply is essential. The maintenance of protoplasmic structure is con- 
ditioned by a supply of oxygen. If the oxygen supply of even one of the 
simplest and lowest of animal forms is cut off or considerably reduced, 
there is very quickly a stoppage of the ordinary life processes, and an 
\ , actual disorganization of the material of which the organism is composed. 

This can readily be observed if one subjects such a form as Paramecium 
or amoeba to conditions where the amount of oxygen is very greatly 
reduced. The animals come to move more slowly than is their habit, 
the protoplasm becomes filled with vacuoles which appear to contain a 
watery fluid, vesicles of liquid are protruded from the surface of the 
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animal; these finally burst, the cell membrane breaks down, and the 
protoplasm is extruded into the surrounding water. In certain forms it 
appears that the protoplasm of the animal is not all equally sensitive 
to the changes in oxygen content of the water. Certain portions of the 
ceil disintegrate more rapidly than the others. The conditions induced 
by the absence of oxygen are very similar to those induced by poisoning 
with dilute solutions of potassium cyanide. 

A precise description of the role played by oxidation in cell economics 
is not known except in the muscle cell. In muscle the energy of contrac- 
tion is supplied by an anaerobic breakdown, while an oxidative process 
provides the means by which the chemical reactions antecedent to con- 
traction are reversed. The oxidation which follows muscular activity 
is the oxidation of some carbohydrate in the muscle which supplies the 
heat necessary for the recovery reaction; lactate + heat ^ glycogen. 
From temperature studies and oxygen-consumption studies it appears 
that during the recovery phase following nervous activity there is also an 
oxidation process, frequently quite prolonged, involved in the reestab- 
lishment of the chemical conditions essential for the transmission of the 
next nervous impulse. 

Historical Statement— Our modem understanding of respiration 
dates back to John Mayo (1645-1679). He made very pertinent sug- 
gestions in 1668 concerning the analogy between respiration and combus- 
tion. Robert Hooke had demonstrated by experimental methods in the 
preceding year the need of all higher animals for a continual supply of 
air. Priestley (1733-1804) discovered oxygen and recognized its impor- 
tance for all living matter. The present conception of respiration 
and nutrition is based directly upon the work of Lavoisier (1743-1794). 
He was the first to make a scientific quantitative study of respiration and 
to state that ^Tife is a chemical action.^^ He was the first definitely to 
recognize that animal heat is the result of the oxidation of body substance. 
With Laplace he made numerous experiments upon respiration and 
animal heat. 

Following these men, and deriving their inspiration directly from 
them, are Liebig, Regnault and Riset, Voit, Rubner, Pettenkofer, 
Atwater, Rosa, Armsby, and many others. Lavoisier determined a few 
of the fundamental facts of respiration. His experiments were upon man, 
and naturally subject to certain limitations. He found that the resting 
man uses far less oxygen than the man at work, that the consumption 
of oxygen is greater after the ingestion of food than before, and that 
lowered external temperature leads to greater use of oxygen. 

It was then found that the blood holds large amounts of oxygen and 
carbon dioxide, and the suggestion was made that the blood was the 
seat of body oxidations. Liebig found that it was not elementary carbon 
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and hydrogen which were consumed in the body, but proteins, carbo’- 
hydrates, and fats. The combustion of these substances in the body is 
a part of the work included under the term metabolism. In this connec- 
tion it should be pointed out that the presence of oxygen is not the cause 
of metabolic change. The combination of oxygen with tissue substance 
is due to the instability and activity of the substances making up living 
matter and is accomplished, in part at least, through the agency of 
definite substances known as oxidases. The earlier experiments showed 
that atmospheric nitrogen is not used by the human machine and also 
indicated that nitrogenous matters are not thrown off from either respira- 
tory organs or skin in significant amounts, thus making it possible to 
make use of the nitrogenous content of urine and feces to determine 
protein metabolism. 

It was also shown by Pettenkofer and Voit that the amount of oxygen 
needed in the metabolism of the body depends upon the character of 
the substances oxidked. It is now known that : 

100 g. of meat protein requires 133.43 g. of oxygen 

100 g. of fat I'equires ... . , . . ..... . . . . ...... 288 . 5 g. of oxygen 

100 g. of starch requires. 118,5 g. of oxygen 

It is just as true that the relation between oxygen consumed and carbon 
dioxide given off depends upon the character of the food substance 
.".'oxidized.'- 

It is common to refer to the ratio of the volume of carbon dioxide 
given off to the volume of oxygen absorbed as the respiratory quotient, 
and to express it in the form R.Q. or CO 2 /O 2 . If carbohydrate food alone 
is being consumed in the animal body, R.Q. = 1; if protein is being 
burned, R.Q. = 0.781; if fat is burned, R.Q. == 0.71. Upon a mixed 
diet including carbohydrates there is an increased output of carbon 
dioxide, and the R.Q. indicates that carbohydrates are being consumed. 
Lusk quotes a paragraph from Voit^s obituary of Pettenkofer which 
may be included here. 

Imagine our sensations as the picture of the remarkable processes of the 
metabolism unrolled before our eyes, and a mass of new facts became known to 
us! We found that in starvation protein and fat alone were burned, that during 
work more fat was burned, and that less fat was consumed during rest, especially 
during sleep; that the carnivorous dog could maintain himself on an exclusive 
protein diet, and if to such a protein diet fat were added, the fat was almost 
entirely deposited in the body; that carbohydrates, on the contrary, were burned 
no naatter how much was given, and that they, like the fat of the food, protected 
the body from fat loss, although more carbohydrates than fat had to be given 
to effect this purpose; that the metabolism in the body was not proportional to the 
combustibility of the substances outride the body, but that protein, which burns 
with difficulty outside, metabolkses with the greatest ease, then carbohydrates, 
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wMe fat, 'wMch readily bums outside, is the most difficultly combustible in the 
organism. : 

During succeeding investigations certain general , facts have been 
discovered. Among these are the following: 

' L; Voit found that protein metabolism is not increased by muscular' 
activity. ■■ ■ 

2. MetaboEsm is not proportional to oxygen supply (in the higher' 
animals). 

3. Absorption of oxygen is not the cause of nietahoiism. On the 
contrary, the rate of metaboHsm determines the amount of oxygen to be 
absorbed. 

4. Respiration is regulated through oxygen requirement, and carbon 
dioxide production. This is effected through variation in oxygen and 
carbon dioxide content of the blood stream. 

The metaboEc work of the body calls for the expenditure of energy. 
This energy must come from some source. The effect of sunlight upon 
carbon dioxide and water is to form formic aldehyde, which may then be 
built up into sugar, with the giving off of oxygen. The energy of the 
sunlight is stored in the sugar or starch and will be set free when these 
are broken down again into carbon dioxide and water. Considerable 
study has been given to the relative values of different foods and to the 
determination of the degree to which one may be substituted for another. 
As a result, it is stated that foodstuffs may be substituted for each other 
(under given conditions) in accordance with their heat-producing value. 
Leaving out of consideration the need of nitrogenous food for the upbuild- 
ing of protoplasm, Rubner states that 100 g. fat, 232 g. starch, 234 g. cane 
sugar, and 243 g. dried meat have the same fuel value (are isodynamic). 

Organs of Respiration. — There is much variation in the character of 
the respiratory organs found among animals, as well as in the degree of 
development of the various types of structures found. It will be readily 
understood that, where an animal has a small mass of living substance as 
compared with the total of body surface, it is much easier for the animal 
to carry on a sufficient gas exchange with its surroundings than is true for 
one with a much larger bulk of body tissue in proportion to the usable 
respiratory surface. Also, different groups of animals have found it 
advantageous to make use of different types of respiratory organs because 
of the different environmental conditions to which they are exposed. 

Fundamentally, any respiratory organ is simply a modification of 
body surface through ingrowth or outgrowth so as to provide a means for 
bringing the body fluid' or body cells into close relationship with the 
oxygen supply of air or water. In a very large number of forms the 
respiratory and circulatory systems work together in carrying on this 
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function. In one very large group of animals, the insects, there appears 
little, if any, respiratory work done by the blood or the circulatory system. 
In this case the oxygen supply is brought close to the tissue cells of the 
body by means of definite air passages which ramify everywhere through- 
out the body mass. 

The following types of respiratory structures may be recognized: 

1. General body surface, the organ for respiration in protozoa, coelen- 
terates, and worms, and even frogs and salamanders. 

2. Respiratory papillae, evaginations from the coelom in the form of 
finger-shaped tubules, filled with the coelomic fluid of the animal and sur- 
rounded by sea water. 

3. Respiratory tree, a tubular, frequently much-branched outgrowth 
from the alimentary canal in such forms as the starfish, echinoids, and 
holothurians. This tubule is intermittently filled with sea water and 
emptied through the cloacal opening. 

4. Gills, filamentous or plate-like appendages in which the blood 
circulates, separated from the surrounding water only by thin membranes 
through which the oxygen dissolved in the water is absorbed and the waste 
products are given off. In the water-breathing vertebrates, as the fishes, 
the gills are situated at the side of the pharynx, and the water taken in 
through the mouth passes out through the branchial clefts, bathing the 
gills which are attached to the arches separating the clefts. In the 
invertebrates the gills are variously located, the exact position depending 
upon the life habit of the animal. 

5. Tracheae, air-conveying tubules forming the respiratory system of 
most insects, myriapods, arachnids, and the protracheata. In the true 
insects they form a system of ramifying and anastomosing tubules, 
enlarged at certain points into air sacs, and penetrating to nearly all parts 
of the body. Their external openings, the stigmata, or spiracles, are 
located along the sides of the body and are often provided with valves. 
The tracheae have a chitinous lining which is stiffened by a spiral fiber or 
fiber-like thickening. 

6. Lungs, sometimes simple but more frequently extremely compound, 
sacular structures connecting with the anterior portion of the alimentary 
tract through the trachea. From a physiological point of view, the fun- 
damentally important portions of the lung are the air sacs in which the 
inspired air comes into immediate contact with a moist, mucous mem- 
brane richly supplied with blood capillaries through which oxygen may 
diffuse from the air sac into the blood and carbon dioxide from the blood 
into the air sacs. The form, size, and degree of development of lung 
structures vary very much in the different animal groups. 

It will be well to point out: here that as far as the regulation of breath- 
ing is concerned there is no provision for breathing movements so long 
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as the surface of the body is sufficient to supply the need of oxygen, 
as, for example, in embryos and larvae of amphibians* With increased 
need of oxygen there is an increased respiratory surface, and with this 
increase in surface, provision is made for regulating the supply of water or 
air coming into contact with the surface. A somewhat similar adaptation 
is found in the red blood cells, where it appears that those forms whose 
size and life habit demand the least oxygen have the largest erythrocytes, 
f.c,, the least surface for taking up oxygen; those whose life habit demands 
a greater supply of oxygen have smaller cells with a total greater surface 
for oxygen absorption. 

The Gas Laws*— In any consideration of respiration the so-called gas 
laws must be kept in mind. These laws are commonly stated as 
follows: 

Boyle* s Law— The volume of a given quantity of any gas varies 
inversely as the pressure, when the temperature is constant. 

Charles’s Law, — ^At constant pressure the volume of a given quantity 
of any gas varies directly as the absolute temperature. 

Avogadro’s Law. — ^The number of molecules in a given volume of any 
gas at the same temperature and pressure varies as the pressure. 

Or the three lawn's may be combined into the following statement: 
The volume of a given quantity of gas varies inversely as its mean pressure 
and directly as the absolute temperature, the concentration of gram 
molecules, and a constant which is the same for all gases and liquids. 

To these should be added Henry’s Law: The quantity of a gas (either 
weight or volume at normal temperature and pressure) dissolved by a 
given liquid at a given temperature is directly proportional to the pressure 
under which the absorption takes place; if, for example, the pressure on 
the gas is doubled, twice as much of it will be forced into solution. 

Also the law of partial pressures must be kept in mind: In a mixture 
of gases each gas exerts the same pressure that it would exert if it alone 
occupied the space. 

The Tension of a Gas. — In the work upon respiration there will be 
occasion frequently to refer to the amount of gas available in a given 
solution or a given position in the animal body. In designating the con- 
centration of the gas, it is customary to make use of the words tension 
or partial pressure. It is understood that oxygen comprises about 21 per 
cent of atmospheric air, and that the normal barometric pressure at 
sea level is 760 mm. of mercury. This means, according to the law 
of partial pressures, that 21 per cent of the 760 mm. of mercury pressure 
is exerted by the oxygen of the atmosphere and the remainder by the 
other gases in the atmosphere. So, when speaking of the tension of 
oxygen as being 2 per cent, 2 per cent of an atmosphere is meant, or 
2 per cent of 760 mm. of mercury pressure. 
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a Gas by a Liquid. — The definite relationship which 
exists between a gas and a liquid by which it is absorbed may be expressed 
by means of the absorption coefficient. This is defined as the volume of a 
gas which is absorbed by a unit volume of the liquid under normal pres- 
sure, i,e,f 1 atmosphere. The statement that the absorption coefficient 
of oxygen in water at 20^0. is 0.031 means that 1 cc. of water absorbs, 
under 1 atmosphere of pressure, 0.031 cc.of oxygen measured at 20^^0618^8 
and 760 mm. pressure. 


Table 40. — Table Giving the Water-absoeptiok Coefficients of Oxygen, 
Nitrogen, AND Caebon Dioxibe AT Different Temperatures 


Temperature 
degrees centigrade 

Oxygen 

Nitrogen 

Carbon dioxide 

0 

0.0489 

0.0239 

1.713 

10 

0.0380 

0.0196 i 

1.194 

20 

0.0310 

0.0164 

0.878 

30 

0.0262 

0.0138 

0.665 

40 

0,0231 

0.0118 1 

I 

0.530 


The facts presented in the table would indicate that in ordinary air 
at 20'^C., composed approximately of 79 per cent of nitrogen and 21 per 
cent of oxygen, there might be absorbed by water standing an indefinite 
time, and undisturbed by outside forces, 21 per cent of 31 cc. per liter, or 
6.5 cc. per liter. It is to be noted that the amount of oxygen absorbed 
by the water decreases steadily as the temperature of the water rises, so 
that at 30*^ the water absorbs only a little more than half as much oxygen 
as it does at 0®. The significance of this fact for animal life will be pointed 
out in another connection. 

Water as a Respiratory Medium. — It is important for the respiratory 
processes of aquatic animals that the oxygen supply should be unfailing. 
It appears that most animals have little power to store up any oxygen 
against a time of need. The table given above represents the absorptive 
power of pure water for oxygen, carbon dioxide, and nitrogen under 
laboratory conditions. It is important to know. whether the waters of 
oceans, lakes, and streams actually contain oxygen in any such propor- 
tions as suggested in the table. Many investigations have been made to 
determine the concentration of dissolved gases. Some of the results are 
shown in the table on page 247. 

Birge and Juday have examined the waters of many of the lakes of 
Wisconsin and of New York. While there are many variations in the 
oxygen content due to a variety of local conditions and to the temperature 
differences due to seasonal change, it may be said that the waters exam- 
ined indicate very clearly that the ordinary laws of diffusion hold good 
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Tjuam 41.“^Tablb Showing Amotmi? of Dissolthb Gases 
Cubic centimeters per liter 



Oxygen 

Nitrogen , 

Free and com- 
bined carbon''' 
dioxide • ■ 

Sea water (Joiyet and Regnard) 

4. 8-6, 3 

12.5-14.1 

43 J -71 

Sea water (Vernon). 

5.7-5.S 

12.88-12.91,, 

46'. 88-46'. 

' 65.78-74.29, 

Sea water (Naples Laboratory). . . . ...... 

3.3-5.74 

11.76-12.03 

Seine River (Grebant) 

6. 0-8.0 

13.0 -17.0 

' 20'.0'-30.0'"''"': 

: 23.3 ■ 

Seine River. 

7.0-9. 0 

15.0 



for these lakes — but that diffusion must be assisted by currents and the 
spring and autumnal overturns in order to provide for equal distribution 
of oxygen through the water at all depths. 

Variations in Oxygen Content of Water under Special Conditions. — 
It has been found that the water of a river shows great variations from 
the normal in its passage through a city from which it receives large 
amounts of sewage and industrial wastes. The oxidation, by means of 
bacteria, of the organic matter thrown into the stream involves a very 
great reduction in the available supply of oxygen for other forms of 
organic life. The Thames River above the city of London has been 
shown to have an oxygen content of 7,4 cc. of oxygen per liter. At 
Woolwich the oxygen content has fallen, to 0.25 cc. per liter. This 
amount of oxygen in the water will permit leeches and a few of the more 
resistant fishes to live. Crayfishes and other forms that require large 
amounts of oxygen cannot live in water of such low oxygen content. 

It has been pointed out that water at 0^ absorbs approximately twice 
as much ox 3 rgen as at SO'^C. It is well known also that chemical oper- 
ations go on much more rapidly at higher temperatures than at lower. 
It is also true that many of the chemical operations going on in the 
animal body are oxidations. It would, therefore, appear that with 
an increase in the body temperature of an aquatic animal there would 
be an increased rate in all of the chemical reactions going on within the 
body — and a reduced amount of oxygen available with which to carry 
on certain of these processes. The high temperature might easily 
become fatal simply through its enforced reduction in the oxygen supply. 
Of course, sight must not be lost of the fact that there are also other 
factors which might occasion fatal results following a rise in temperature, 
such as the coagulation of the colloids of the cells. 

It is stated also that there are no fishes in the high43?ing lakes of the 
Andes, due possibly to the fact that the oxygen content of the water 
under the reduced partial pressure of the oxygen of the atmosphere is so 
small as to make it impossible for such animals to secure sufficient oxygen 
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for carrying on ordinary life processes. It is, of course, possible that the 
absence of fish from these lakes may be due to another cause. It has 
been shown also that the ill effects observed when fish are asph 30 £iated 
in water containing too little oxygen are due to the lack of oxygen and 
not to an increase of carbon dioxide. By the addition of oxygen fish 
have been found to live in water containing as much as 211 cc. of carbon 
dioxide per liter. 

The great handicap under which the aquatic a ni mal is living may be 
realized when it is considered that a liter of air at ordinary temperature 
contains 210 ce. of oxygen. A liter of water contains only from 3 to 9 ec. 
of oxy'gen. This means that the aquatic animals have at their disposal 
at the most in a liter of their immediate environment less than one- 
twentieth of the amount of oxygen which an air-breathing animal has. 
An animal which lives in the water is somewhat in the position of a land 
animal in whose air the oxygen content has sunk below 1 per cent. 

A review of the physical conditions governing respiration in air and 
in water seems to indicate that aquatic respiration is the more efl&cient 
method. As one bit of evidence in favor of this conclusion, Carter refers 
to the great increase which has taken place in the area of the respiratory 
surface during the evolution of the vertebrates. 

Diffusion of oxygen from the air into water requires considerable time. 
It has been shown that if the water of the sea depended upon diffusion 
alone it would require several centuries for oxygen to diffuse from the 
surface to the bottom of the sea. This slowness of diffusion is a factor of 
importance in situations where the water contains numerous bacteria 
and where decaying substances are using up a large amount of oxygen. 
It has been shown in certain cases that when such water is saturated by 
shaking with air it may lose one-half of its oxygen content within one- 
fourth of an hour. 

It is also just as true that under certain conditions the water may 
come to be supersaturated with oxygen. Knauthe found that in the 
water of a certain pond which contained a large number of Euglena (a 
chlorophyll-bearing protozoan) there was an oxygen content of 22 cc. 
per liter while the normal amount at that temperature (15°) would have 
been 7.1 cc. per liter. This amount is certainly larger than pure water 
■will absorb, even by shaking. Corresponding to the very large oxygen 
content of the water during the day it was found that at night there was a 
great oxygen reduction, down to 2 cc. per liter, due undoubtedly to 
the oxygen consumption of the animals living in the water. Under such 
conditions it can be well understood how in the presence of large numbers 
of bacteria or other oxygen consumers the oxygen content of the water 
can be reduced to a point which mean asphyxiation for fishes or other 
foms having large oxygen needsi 
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The value of chhmphyll in keeping up the oxygen content of the water 
must be clearly apparent. That chlorophyll is an exceedingly sensitive 
substance may not be realked. The work of photosynthesis by green 
aquatic plants apparently goes on at all times when there is light. Even 
moonlight is sufficiently strong in its effects to cause chlorophyll to do 
its work. One pond showed an increase in contained oxygen from 2.7 to 
4.6 cc. per liter in the course of hours of moonshine. During the 
winter /season the activity of animal life is lessened ^ and ' thC' oxygen 
consumption correspondingly reduced. On the other hand, the con- 
structive work of the chlorophyll-bearing organisms is very lively. Much 
oxygen is being given off and little being used. By cutting through 
transparent ice, samples of water have been secured which carried oxygen 
to the extent of 46 cc. per liter — the water being almost saturated with 
pure oxygen. Under opaque ice the light is almost wholly shut off from 
chlorophyll-bearing organisms and the work of photosynthesis goes on 
at a much reduced rate or not at all. Under such conditions the oxygen 
content of the water becomes gradually diminished, even to such an 
extent that fishes may be asph 3 ?idated. The practical value of cutting 
holes in the ice during the winter, as far as fish life is concerned, consists 
not in the admission of the air to the water but in the admission of light, 
which will serve to set into operation the photosynthetic processes of 
the green plants. 

Air in the Depths of the Ocean. — ^Juday takes the position that diffu- 
sion alone must play a very unimportant part as far as the aeration of 
the depths of the ocean is concerned. Atmospheric gases diffuse very 
slowly through water. He calls attention to Hufner^s computations 
for the Bodensee (a lake in Austria), which has a maximum depth of 
about 250 meters. His results show, first, that it would take oxygen 
about 423 ^^ years to pass from the surface to the bottom of this lake by 
diffusion alone; second, that it would require more than 100,000 years 
for the quantity of oxygen which its waters at lO'^C. are capable of holding 
to diffuse into a body of water of equal area and unlimited depth; third, 
under natural conditions with a depth limited to 250 meters it would 
require over a million years for this body of water to become saturated 
at the above temperature if it had no dissolved oxygen and acquired a 
supply only by diffusion from the atmosphere. 

If ocean waters were aerated solely by diffusion from the atmosphere, we 
should expect the upper strata to possess a larger amount of dissolved oxygen 
than the lower. But such is not the case in the tropical Atlantic, for example. 
Here the smallest amounts, 1 to 2 cubic centimeters of oxygen per liter of water, 
are found between the depths of 150 and 800 meters, while the water between 
1100 and 1500 meters contains twice as much or more, that is, 3 to 4 cubic centi- 
meters per liter. , . 
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The Black Sea affords aa exaeUent illustration of the inefficiency of 
diffusion in the process of aeration. Owing to greater salinity, hence 
greater density, of the lower water the vertical currents do not penetrate 
to the bottom of the sea, e.c., the lower portion is permanently stag- 
nant and oxygen can only pass into it by diffusion. Lebedinzeff found 
no dissolved oxygen below a depth of 200 m., the aerated portion com- 
prising only about 8 per cent of the maximum depth of this body of 
■water, ■ 

Similar conditions may be found in many fresh-water lakes during the 
summer period of thermal stratification. At this time the cool lower 
stratum of water is cut off from contact wdth the air by the warm upper 
stratum and can receive new supplies of oxygen only by diffusion from 
the latter. If the lower stratum loses any or all of its dissolved oxygen 
during the stagnation period the deficiency continues until the autumnal 
overturning of the %¥ater. 

In view of these facts, it is evident that some agent other than diffusion 
is responsible for the aeration of bodies of water. In lakes, aeration is 
accomplished by the vernal and autumnal overturning of the water and 
its subsequent circulation for a longer or shorter period. In speaking of 
the aeration of ocean waters, HeUand-Hansen states that those gases 
are absorbed at the surface from the atmosphere and are carried by 
currents even into the deepest parts of the ocean in varying amounts.'^ 

Aerobic and Anaerobic Respiration. — A distinction must be made 
between two classes of animal organisms as far as their respiratory proc- 
esses are concerned. These are: 

1. Aerobic OrganUms , — Those which grow and thrive only in the 
presence of free oxygen. 

2, Anaerobic Organisms . — ^Those able to live in the absence of free 
oxygen. 

While numerous cases of anoxybiosis are known among the cold- 
blooded animals, there are no clear cases known among the warm-blooded 
animals. Pfliiger kept frogs for as long as 24 hours in pure nitrogen, 
and found that the amount of carbon dioxide produced under such 
conditions was not very different from that produced by animals living 
in the air. These experiments are not entirely conclusive, because the 
animals kept in the nitrogen were on the whole more active than those 
kept in the air, and there is also the possibility that some of the carbon 
dioxide liberated during the stay in the nitrogen was performed in the 
tissues of the frogs. On the other hand, it may be stated that the amount 
of carbon dioxide produced was so large that it is hardly to be doubted 
that some of it was produced 'in an anoxybiotic metabolism which may 
or may not be a stage in the normal oxidative breakdown of the nutritive 
substances..,'- 
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' Tlie;SuppositioE has often been expressed that the source of the m 
energy , is not, found., so . much in the oxidative ' processes . going o.n, ^ within 
the cells aS' in .some of .the other chemical or physical reactions which take, 
place within' .them, ■ The oxidative processes certainly, do lead, to .heat 
production. , It was this conception that lead Bunge to a consideration 
of the respiratory conditions among intestinal parasites. ■ 

. . ' •.Among the .ento 2 oa. of warm-blooded animals the ■ oxygen need is 
reduced to a minimum. In the alimentary tracts of some of the higher 
animals the most careful quantitative determinations have failed to 
indicate the presence of oxygen. In fact, powerful reduction processes 
may take place without hindrance. It might be thought that the para- 
sites would be able to take their needed oxygen from the tissues, to which 
they so frequently attach themselves. 

Bunge removed intestinal worms (Ascaris?) from the cat and from 
pike and placed them in normal saline solutions containing soda. The 
oxygen contained in the liquid had been previously removed by boiling 
and by exposure to strong reducing agents, such as pyrogallol. In this 
liquid, completely lacldng in oxygen, the worms lived 4 to 6 days, during 
which time they carried on active movements and produced large quan- 
tities of carbon dioxide, which could only have come from the breaking 
down of substances in their tissues. When oxygen was offered to them 
they w^ere unable to make use of it. The processes involved in this case 
have been studied by Weinland with the result that it now seems probable 
that the carbohydrates were the substances catabolized by the worms, 
the process leading to the production of carbon dioxide and the fatty 
acids, valerianic and caproic. Weinland is of the opinion that glycogen 
is the source of the material broken down, since it forms about one-third 
of the dry substance of the worms. 

Similarly, Lesser has found in the case of the earthworm that carbon 
dioxide and fatty acids are produced in the absence of oxygen. When 
air is admitted to earthworms after anoxybiotic period, there is observed 
an abnormally high intake of oxygen with a very low respiratory quotient. 

The slime or mud-dwelling forms live under conditions somewhat 
similar to those common to the intestinal parasites. In the slime at the 
bottoms of ponds there are produced also quantities of carbon dioxide, 
marsh gas, and other substances of a noxious character. Animals 
taken from such habitats will live for short periods if placed in boiled 
water: crabs, water beetles, mites, and wood lice for a few hours, earth- 
worms for 1 day, planarian worms from 1 to 2 days, horse leeches 3 days, 
and leeches 4 days. 

It is probable also that the case of the so-called vinegar eel (Anguillula 
aceii) should be included here. Certain it is that these forms may live 
for a very considerable time under:, conditions of very much reduced 
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oxygen pressure. It appears that these forms may live for as long a time 
as 3 months in vinegar contained within a glass tube from which as much 
of the air as possible has been pumped by means of a water-jet pump, 
and the tube then sealed off in a flame. In this case the necessary 
oxygen for the canying on of body processes must have come from the 
splitting of some compound in the vinegar. 

De Waele has shown that the vinegar eel Anguillula cuxti exhibits a 
consistent anaerobic type of metabolism under various experimental 
conditions, including an oxygen atmosphere, owing to its use of acetic 
acid as a reducing agent. Acetic acid is absolutely necessary for the life 
processes of this worm. This anaerobic behavior of a free-living nema- 
tode is sunilar to that exhibited by many parasitic forms. 

The crustacean Cyclops sometimes exhibits a remarkable resistance 
to lack of oxygen and to substances usually considered toxic in character. 
Cyclops were found by Juss living in a bay near Stockholm at a depth 
of 10 ft. in water which contained up to 4.4 mg. of HsS per liter. Experi- 
ments also indicated that these animals could live for 33 minutes in 
water free from oxygen and containing 70 mg. HaS per liter, and for 
10 minutes in water containing 140 mg. HaS per liter. 

The early observations of Newport may be mentioned here. He 
found that the larvae of a butterfly would revive upon transfer to normal 
air after having become apparently dead due to a stay in a hydrogen 
atmosphere for 12 hours, or after 2 hours under water. These animals 
were very quickly killed by chlorine gas or hydrocyanic acid. 

Effects of Variations in Oxygen Pressure, — Some mammals — rabbits, 
rats, and mice — after a certain degree of acclimatization, can exist m a 
decompression chamber for at least 7 days under continuous low oxygen 
pressure equivalent to that at the top of Mt. Everest. These animals 
exhibited some activity, but deteriorated rapidly. Cats, a monkey, and 
guinea pigs could not tolerate the low pressure for so long a time. WhUe 
many animals are able to tolerate prolonged exposure to high oxygen 
pressure with reduced barometric pressure (420 mm. Hg, O 2 ), the cat 
is unable to do so. Under exposure to increased oxygen pressure in the 
air with normal barometric pressure, a decrease of hemoglobin per cent 
and of red cells occurs in monkeys, rabbits, cavies, and mice, but not in 
cats. It seems to be a general rule that hemoglobin per cent decreases 
as oxygen pressure in the air increases, and vice versa. Acclimatization 
to lowered oxygen pressure in the air is due, not to improvement in 
tissue-oxygen tension, but to the ability of vital organs, such as the heart, 
to continue to function under low oxygen tension. 

Effect of Cyanide upon Respiration. — ^The respiration of a.Tiima.! 
tissues seems to be of two sorts: the first includes those respiratory 
processes carried on by the “respiratory enzyme” described by Warburg, 
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wMch may be poisoned by cyanide, and whicii amount, on the average, 
roughly to two-thirds of the total respiration; the second is due to systems 
which resist cyanide. , In most cases a cyanide concentration of M/1000 
is sufficient to produce a , maximum inhibition' of oxygen use, and no 
greater inhibition can be secured by increasing the oxygen concentration 
even 100 times. The effect of the cyanide appears to involve its cap- 
acity to combine with iron-containing colloidal substances in the 
protoplasm. 

, Xiind^s Method of .Determining Carbon Dioxide.— Lund has devel- 
oped a very simple technic for the determination of carbon dioxide in 
such forms as Paramecium. A bottle of about 2-1. capacity is filled 
with N/lOO HCl and a second 2-1. bottle with Ba(OH )2 of any concen- 
tration between N/75 and N/150. Both bottles are pro\dded with 
soda lime tubes and burettes. The solution should be made up of 
carbon dioxide-free distilled water as described by Treadwell and Hall 
(1915). A bottle of about 100-cc. capacity with an extra-large mouth 
is provided with an accurately fitting glass stopper. To the underside 
of the latter there is cemented a hook from which hangs a slender dish 
small enough to enter the mouth of the bottle. From 1 to 5 cc. of a 
suspension of Paramecium, which have previously been gradually trans- 
ferred to tap water from hay infusion, are placed in the dish; 10 to 15 cc. 
of the standard barium hydroxide solution are run into the bottle through 
a small hole in a cardboard disk placed over the mouth of the bottle, and 
the stopper with dish attached is quickly inserted. At the end of the 
desired period, the stopper and the dish are removed, the bottle is again 
covered with the cardboard disk, phenoiphthalein is added, and the 
unabsorbed barium hydroxide titrated through the hole in the disk with 
the N/lOO HCl. As a control, a similar bottle is set up in exactly the 
same way but without the animals. It is well to work before an open 
window through which fresh air is entering to sweep the carbon dioxide 
of the laboratory away from the titration, thus making the carbon dioxide 
of the air the same in duplicate bottles. The carbon dioxide in the bottle 
is determined by titrating 15 cc. standard barium hydroxide in each of the 
two bottles, one immediately, and the other at the end of 1 hour, the 
absorption of carbon dioxide under the conditions being complete in that 
time. The applicability of the method is shown by the fact that twice 
the number of Paramecium always produce twice the amount of carbon 
dioxide. The method is simple, direct, rapid for a large number of 
determinations, and has a considerable range of adaptability and a small 
percentage of error. 

Respiration in Protozoa. — ^Lund has discovered by means of a modified 
Winkler method the following facts regarding the use of oxygen by 
Paramecium caudatum. 
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1. It does not vary Tsdth variations in the oxygen concentration of 
the water unless these variations are sufficient to cause injury or actually 
prevent metabolic processes. The concentration of oxygen may vary 
from a minimum of 0.02915 cc. oxygen, N.T.P. per 100 cc. water to 1.665 
cc. at X.T.P. per 100 cc., or fifty-five times the minimal concentration, 
without affecting the rate of oxidations, at temperatures of 13.5 and 
25.0“C. 

2. It is not influenced by potassium cyanide unless this substance 
occurs in an amount sufficient to cause cytolysis. Potassium cyanide 
does not inhibit oxidath^e processes which might take place after cytolysis 
has occurred, because o.xidation stops when cytolysis has been brought 
about by other means, such as mechanical injury or too much oxygen. 

3. It is very largely determined by the amount of nutritive material 
contained within the cell. The process of mitosis may be left out 
of consideration here since it did not take place during the period of 
experimentation. 

The gas e.xchange of Colpidium colpoda was investigated by Thedor 
Waehendorff. The more important results of his work are included in 
Table 42. 


T.cble 42. — Gas Exchlange op Colpidtom Colpoda 


Experi- 

ment 

Humber of animals 

Dur- 
ation in 
hours 

Oxygen, 

cubic 

centi- 

meters 

Carbon 
dioxide, 
cubic 
centi- 1 
meters ; 

R.Q. i 

CO 2 

Os 

Os in 
milli- 
grams 
per 

million 

animals 

CO, 

1 ! 

a. 105,000-150,000..! 

22 

0.461 

0.172 

0.37 

i.'. ■ ;1 

0.273 

0.140 


6. 105,000-150,000.. 

28 

0.576 

0.160 

0.28 

0.178 

0.114 

2 

a. 140,000-170,000.. 

6.5 

0.272 

0.092 i 

0.34 

0.386 

0.180 


b. 140,000-170,000.. 

23 

0.554 

0.202 

0.36 

0.222 

0.112 

S 

a. 233,000-243,000.. 

17.5 

0.192 

0.046 

0.24 

0.0658 

0.022 


b. 233,000-243,000.. 

41.5 

0.296 

0.072 

0.25 

0.0428 

0.0143 


c. 233,000-243,000. . 

113 

0.619 

0.144 

0.23 

0.033 

0.011 

4 

a. 160,000-180,000.. 

; 42 

0.422 

0.138 

0.33 

i 0.0845 

0.0381 

1 

b. 160,000-180,000., 

73 

0.392 

0.155 j 

1 i 

0.39 

1 0.0452 

0.0246 


High concentrations of oxygen are fatal to many species of protozoa 
parasitic in the intestines of other animals. It might well be thought that 
under their natural conditions they live in a situation in wffiich there is 
an exceedingly limited supply of free oxygen and that it is necessary for 
these protozoa to secure their Oxygen by some anaerobic process. Cleve- 
land has shown that when tenmtes are subjected to 3.5 atmospheres 
oxy^n pressure their intestinal protozoan fauna is killed in from 30 to 
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40 minutes, tlie termites themselves survive for 45 hours or longer. 
Also^it ' was;::founcl ttiat 't intestinal protozoa of the cockroaches are 
.killed by oxygenation, at '3.5 .atmospheres for' 3}4 hours; In these .forms, 
the flagellate protozoans survive .for only 40 minutes, while the cilat«. 
live for 3M hours., The cockroaches survive for 90 hours. Earthworms 
also lose their ciliated' parasites .when they are oxygenated. Frogs 
contain many protozoa; oxygenation kills Hexamitus in 5 hours, Poly- 
.mastix in 7 hours, Trichomonas in 12 hours, Opalina in 18 hours, Nycto- 
therus in 28 hours, and the frogs themselves in 65 hours. 

Oxygen Consumption by Ltiminotis Bacteria. — In connection with a 
discussion of respiration of protozoa, it is interesting to note the oxygen 
consumption of luminous bacteria. Two methods have been employed: 
(1) determination of oxygen consumption by the Thunberg micro- 
respirometer and (2) by determining the time before the luminescence 
of an emulsion of the bacteria in sea water begins to dim (w* hen more than 
99 per cent of the dissolved oxygen has been consumed). The results 
obtained by the two methods agree very closely. Average values 
for oxygen consumption at an average temperature of 21,5'^C. are 
4.26 X mg. oxygen per bacterium; 2.5 X 10^ mg. per kilogram and 
5.6 mg. oxygen per square meter of bacterial surface. The only correct 
comparison of the oxygen consumption of different organisms or tissues 
is in terms of oxygen used per unit weight with an oxygen tension suffi- 
cient to have consumption independent of oxygen tension. Measurement 
of the oxygen concentration w^hich just allows full luminescence, com- 
pared with a calculation of the oxygen concentration at the surface of a 
bacterial cell Just necessary to allow the observed respiration throughout 
all parts of the ceil, indicates that oxygen must diffuse into the bacterium 
much more slowdy than through gelatin or connective tissue but not so 
slowly as through chitin. 

Respiration of Paramecium. — The respiration of Paramecium cauda^ 
turn and other infusoria is claimed by Kalmus to be proportional to the 
partial pressure of oxygen, but Amberson has found by standard methods 
of gas analysis that the respiratory exchanges of Paramecium (and of 
fertilized Arbacia eggs, as well) are practically constant over a wide 
range of oxygen tensions. Only below 20 mm. Hg oxygen pressure is 
the respiration of fertilized Arbacia eggs sharply reduced. The cleavage 
of Arbacia eggs proceeds at a normal rate down to very low oxygen 
tensions. No retardation of development has been observed above 
11 mm. Hg pressure of oxygen. Below this value the rate becomes 
slower, and cleavage ceases entirely below 4 mm. Hg pressure. 

Ruth Howland and A. Bernstein perfected a method for determining 
the oxygen consumption of a single cell. A unicellular animal is placed 
in a capillary tube adjacent to a bubble,,. of air. Potassium hydroxide 
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(5 per cent) is dra\¥ii in on 'the opposite side of the air, ^'and both ends of, 
the tube are sealed with mineral oil.; The, ..decrease in, the .. volume .of 
the gas, representing oxygen ..consumed," may be measured.. A single 
Actinospherium consumed 0.00113 mm., of oxygen per hour, and a single 
PuruMeeiuifi cMidciiuM consumed 0.00049 mm. of oxygen per hour. 

Comparisoa of Respiration in Various Groups of Animals. In order 
to make a comparison of the amount of oxyge..n, taken in and the amount 
of carbon dioxide given off,' it is. necessary to reduce the observed values. 


Table 43. — ^Table Showino Oxtoek" Consumption and Cabbon' Dioxide Peo- 

. DUCTION IN A SeEIES OP INVEBTEBRATES 


Species 

Weight, 

grams 

Oxygen, 
per kilo- 
gram, 
hour, 
grams 

Carbon 
dioxide 
per kilo- 
gram 
hour, 
grams 

CO 2 

02 

T 

Protozoa; 






- - - .... ......... . . 



0.1113 

1.06 

16 

Coelenterates: 









0.0087 

1.10 

(?)16 

^ ■ 

Vf^jpria ... . . . i, . . 



0.0037 

0.79 

16 

Echinoderms: 






A Arnf!A,nthioii 


0.0457 




Vermes::, 






hnm'brleus,. V ,.. ...... 

112 

0.1013 

0.108 

0.77 

(?) 

:'|Ii.nid0'. . . . ■ ..... . >, . . * 

2.2 

0.0328 

0.0312 

0.69 

13.6 



0,0567 

0.0701 

0.90 

13 

''Moltaea;:,,, 






OdopiLB mdgaria 

2310 

0.0630 

0.0745 

0.86 

15.5 

" Tettiys lep . ..... 



0.1115 

".'■0;,95.'i 

16 

Mjrtilus 


0.0174 

0.0165 

0.84 

16 

f)stTp.a pdulis 


0.0191 : 




Cardium 

.. 1 

0,0210 : 


., ' . ,] 


Crustacea: 






Astacm flwiatUu, 

31 

0.0543 

0 0642 

0.86 

12.5 

’ Cg>mmq>tus pulMO 


0.1885 

0.1836 

0.72 , 

12.5 



0.179 

0.201 

0.,83:,j 

19 

Cancer. 

470 

0.153 

0.174 

0.84 

16 

v;. , i;--* A;;-: 

315 

0.0972 

0.1054 

0.80 

15 

PaliminiB. 


0.064 

0.0755 

0.88 

15 








42.5 ' 

0.840 

0.916 

0.79 ' 



39 

0.687 

0.767 

0.81 



40 

1.170 

1.189 

0.73 



mMM 

1.076 

1.1699 

0.79 



37 

0.962 

1.092 

0.82 
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to some common unit of measure. For convenience the amount of oxygen 
taken up per kilogram of body weight in the course of 1 hour may be 
employed, and similarly the output of carbon' dioxide may be shown per. 
kilogram-hour. Table 43 is an attempt to show the rates at which the 
respiratory exchange is found to,, take place in a series of forms fmm , 
different ''animal groups. 

: Oxygen ^Consllmption and Oxygen Concentration*— The question 
whether the tension of oxygen in the environment has any iniuence upon 
the rate of oxygen consumption by organisms has interested many 
observers. Thunberg found that in 96 per cent oxygen the earthworm 
consumes 44 per cent more oxygen than it does in the air. Limax 
shows a similar increased oxygen consumption in an atmosphere rich 
in oxygen. Henze found that the oxygen consumption of Actinia, 
Anemonia, and Sipunculus is very largely influenced by the concentration 
of oxygen dissolved in the water in which the animals lived. The same 
author found, however, that in the cmstacean Carcinus, the mollusks 
Aplysia and Eledone, and the fishes Coris and Sargus the rate of oxygen 
consumption is independent of oxygen concentration. 

The following quotation from Lund gives the interpretations placed 
upon these facts by the investigators named: 

Thunberg interpreted his results to mean that the rate of intracellular oxida- 
tions was determined by the mass of the reacting substances according to the 
mass law, when the oxygen concentration was below a certain value. Above 
this concentration of oxygen no increase in oxygen consumption was to be 
expected because for all practical purposes it could be considered infinite in 
amount and therefore had the same relation to the reaction velocity and equilib- 
rium conditions of the oxidation reaction as the concentration of water has to 
the reaction velocity and equilibrium in, for example, the inversion of cane sugar. 

Henze interprets his results in essentially the same way as Thunberg does but 
suggests that in cells where the actual rate of oxygen consumption due to oxygen 
deficiency is below the maximum, anaerobic processes supplement the aerobic 
processes and as a result the cells do not die because of too low oxygen concen- 
tration. To sum up, the results so far on lower animals indicate that the rela- 
tion between the concentration of oxygen and the rate of intracellular oxidations 
differs in different animals, in particular with respect to the oxygen concentra- 
tion at which an effect on the oxidative process is noticeable. Much greater 
accuracy in the methods for quantitative studies on intracellular oxidation in 
multicellular animals is necessary before a satisfactory statement in detail of 
the conditions for these forms can be made. 

More recently Amberson has made a study along this same line, using 
Birge and Juday^s modification of Winkler^s method for oxygen deter- 
mination. He found that in the cases of Nereis and Homarus the animals 
consume smaller and smaller absolute amounts of oxygen as the oxygen 
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tension is reduced. At every instant the oxygen consumption is directly 
projmrtionai to the oxygen tension in the sea water at that instant. The 
dindnution in the oxygen consumption is not due to the accumulation 
and inhibitory action of carbon dioxide in the water, since identical curves 
are obtained when the same animals are placed in sea water with different 
carbon dio.xide tensions. He finds also that Limulus and Callinectes are 
also directly dependent upon the Oxygen tension of the water. The 
shrimp Palaemonetes, however, appears able to regulate its metabolism 
down to about 50 per cent oxygen saturation of the water, extracting 
equal amounts in equal times. The squid Loligo shows even better regu- 
lation, down to about 30 per cent. No general lavr can be stated for the 
higher invertebrates, according to Amberson, and this fact should be 
recognized in all stupes in which measurements of o.xygen consumption 
are being made. 

Another example illustrating the fact that among lower animals 
oxygen consumption is proportional to the oxygen tension of the sur- 
rounding medium is the holothurian Caudina ehHensis. As the gaseous 
exchange in the respiratory surface may be explained by the diffusion 
theory alone, the “secretory theory” not being required, and as the rate 
of oxygen diffusion is proportional to the difference of oxygen tension 
inside and outside of the respiratory surface, it is highly probable that the 
rate of oxygen consumption in Caudina is determined by, and apparently 
identical with, the rate of oxygen diffusion through the respiratory 
epithelium, if the internal tension of oxygen is assumed to be zero or 
approximately so. If the internal tension of oxygen is neither zero nor 
approximately so, it should be diminished in proportion to the external 
tension, when the latter gradually decreases. Some other factors should 
play a role to bring about the same effect as has been mentioned above. 
In such cases the rate of oxygen consumption would be proportional to, 
but not identical with, the rate of oxygen diffusion. 

At any rate, it seems probable that the oxygen requirement of the 
animal is larger than the supply which diffusion can afford, and the rate 
of oxygen consumption is accordingly determined by the oxygen tension 
of the medium. The tension of oxygen is, then, the limiting factor of the 
r^piratory rate, 

Krogh thinks that the oxygen pressure becomes the limiting factor 
only when the supply of oxygen falls and the oxygen tension in some 
of the tissues becomes zero. In the present material, however, oxygen 
tension seems to be the limiting factor even at the normal oxygen tension 
in the sea water. 

Respiratioii a Function of Rate of Diffusion* — ^There is a possibility 
that the power to regulate the rate of oxygen consumption is inherent 
in some cells. The eggs of the sea urchin maintain a rate of oxygen 
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consumption wMch is,' within limits, independent of the, concentration of, 
. oxygen, in the/, sea water,' .It' may 'be' that the failure of the simpler 
metazoa to do so is, due tO' the fact that the deeper-Iyi'ng. layers of cells 
depend upon simple diffusion for their supply of oxygen. ' While the free' 
.egg 'Cells .and the cells of organisms which possess weU-deveioped circula- 
tory systems get sufficient oxygen for their maximum re'^uirements even 
from solutions' co.ntainiiig oxygen at low' tensions, the inner or deeper-lying 
.cells of actinia get' their oxygen supply only from water 'Of a much lower 
minimum concentration.' .A, lowered ^-concentration lowe.rs .the diffusion 
rate, so that the deeper-lying cells come to live partially, at least, under 
anaerobic conditions, A similar dependence of sea-urchin eggs upon the 
concentration of oxygen may be seen when the eggs are allowed, after 
fertilization, to lie in a thick layer at the bottom of the culture dish instead 
of being kept in motion, or being spread out over a greater area. Under 
the conditions provided by the massing of the eggs they soon die and dis- 
integrate. Further proof that the controlling factor in changing or modi- 
fying the oxygen consumption in the case of actinia is diffusion is afforded 
by the observation that the margin between normal oxygen consumption 
and that in oxygen-rich water is not widened by a 10*^ increase in temper- 
ature, which would make little difference in the rate of diffusion but a 
great difference in the rate of chemical reaction. 

Reference has been made in another place to the fact that certain 
forms very lowly in the animal scale are provided with hemoglobin while 
their very near relatives are not so favored. It has been suggested that 
there may be a correlation between habitat and the oxygen-carrying 
mechanism of such a nature that those animals living under very unfavor- 
able conditions in as far as oxygen supply is concerned are provided with 
the most efficient oxygen carrier. Certain of the worms are examples of 
this relationship. 

Respiration of Flatworms. — In Planaria agilis, Lund found that the 
rate of oxygen consumption is determined by the oxygen concentration 
of the water in which the animal is placed, when the oxygen concentration 
at 20*^0. drops to about one-third the normal saturation value. When 
animals have been kept for a time in water of low oxygen concentration 
and are returned to air, there is an accelerated respiratory metabolism, 
but the degree of increase is not proportional to the length of time during 
which the animals are subjected to abnormal conditions. The accelera- 
tion of oxygen metabolism appears greater in starved than in well-fed 
animals. 

The oxygen consumption of Planaria is largely independent of oxygen 
tension between 3 and 17 cc. per liter concentration. Above 17 cc., 
oxygen intake is increased about 30 per cent at initial exposure. Below 
3 cc. per liter, oxygen intake is dimimsfaed.at initial exposure, the amount 
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depending on the oxygen content. In Planaria, oxygen intake increases 
on prolonged exposure to low tensions and fails to show any decrease 
below normal if the decline in tension is sufficiently gradual. Planaria 
is thus able to adjust to low tensions when time is allowed. The rate of 
oxygen intake is dependent on the rate of internal utilization of oxygen, 
on the immediately preceding history of the animal with respect to oxygen 
tension, and on the properties of the body surface. 

The rate of oxygen consumption of Planaria in natural water is not 
changed by increasing the oxygen concentration of the water from 
3.53 to 13.84 cc. per liter. In distilled w-ater the rate of oxygen consump- 
tion is constant, but distinctly subnormal between oxygen concentrations 
of 2.65 and 5.35 cc. per liter. As the oxygen concentration is increased 
above this point up to 15.09 cc. per liter, the rate of oxygen consumption 
also increases. In Ringer’s solution the rate of oxygen consumption is 
strictly dependent on the oxygen concentration of the solution from 3.79 
to approximately 14 cc. per liter. As the oxygen concentration is 
increased above this, the effect on rate of oxygen utilization becomes less; 
above 22 cc. per liter a decrease in rate is recorded. 

Planaria dorotocephala contains by weight approximately 79 per cent 
water. In distilled water, as employed here, the water content increases 
about 5 per cent. In Ringer’s solution the w’ater content is decreased 
about 19 per cent. The facts indicate that two conditions may be 
involved in the regulation of the rate of oxygen utilization in relation to 
oxygen tension in natural w’ater: concentration of water within the organ- 
ism, thus controlling the concentration of the oxidative enzymes; and 
boundary regulation of the admission of oxygen. In this form, the size of 
the animal and degree of development of its circulatory and respiratory 
mechanisms do not appear to be important. Miss Hyman has added 
the information that the amount of increase is greater with the greater 
amount of food ingested and reaches its maximum immediately upon the 
ingestion of food. In these forms digestion is almost wholly intracellular 
and occurs in the endoderm cells only. The process may require as long 
as 5 days for completion. 

Respiration of Earthworms. — Earthworms are air breathers. The 
general surface of the body serves as a respiratory epithelium, being 
provided with an intricate network of fine capillaries and being kept 
constantly moist by contact with the moist earth and by secretions 
from certain cells of the epidermis. It might be said that the surface 
of the body serves the purpose of a lung. The hemoglobin of the blood, 
as it passes through the capUlaries of the skin, is charged with oxygen 
which it receives from the atmospheric air of the burrow in which the 
worm Eves. It is well known that after a rain in the spring or summer 
thousands of worms are often found upon the pavements, many of 
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them dead, or, drying. It lias been customary to think of' them as drowned 
worms. Such an idea is probably incorrect. Hildrick Friend has pointed 
out that there are four possible explanations that may be advanced to 
account for these ■ appearances: The worms may have been killed by 
.parasites, cold,, rain, or poison. ' While scientists may not at the .present 
time^be in a position to make a final statement in regard to the matter^ 
it may be stated with some, degree of ^ assurance that, probably . the death 
of the worms is not due to an interference with the respiratory process. 
Worms can be kept for quite extended periods in w^'ater, provided it 
be kept cool and pure. In the author's laboratory earthworms have 
been kept in cold water for as long as 2 w^eeks without serious injury. 
While exact quantitative measurements have not been made, it would 
appear that the oxygen needs of the animals may be met by the oxygen 
content of the w-ater in which they happen from time to time to be 
immersed, and that they may, by means of the same respiratory epithe- 
lium, make use of the atmospheric air or the dissolved oxygen of water 
with almost equal readiness. 

The earthworm (Lumbricus) possesses hemoglobin in its blood but 
does not make use of it for respiratory purposes at higher oxygen tensions. 
The tissues themselves limit the consumption of oxygen, and this con- 
sumption is wholly independent of concentration (this is in opposition 
to the condition found in Planorbis). The normal earthworm can still 
maintain its regular rate of respiration until the oxygen tension is lowered 
on the average to 3 per cent. Below a tension of 3 per cent the use of 
oxygen diminishes. A worm which has been poisoned by carbon mon- 
oxide and so has lost the use of its hemoglobin begins to fail when the 
oxygen tension falls on the average to 8 per cent at a temperature of 
25°C. These facts point to very low loading and unloading tensions of 
the earthw^-orm hemoglobin. 

Earthworms may live for a time under anaerobic conditions. During 
such a period oxidation is deferred, and there occurs a considerable 
accumulation of lactic acid in the tissues. When oxygen is readmitted, 
there is a rapid removal of the products of metabolism by an excess of 
oxygen equal to that which would normally have been used during the 
anaerobic period, but the oxygen used in recovery is only about one-fifth 
of the amount necessary for the complete oxidation of the accumulated 
lactic acid. This may indicate a breakdown of glycogen into lactic acid 
with a subsequent oxidation of a part of the acid and a reconversion 
of the remainder into glycogen. It is possible that some heat production 
studies might settle this point. 

The marine worm Chaetopterus lives in a U-shaped tube, through 
wdiieh a current of water is maintained by the rhythmic movements of 
three ''fan" segments. The segmental ganglion controlling these move- 
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nients is bilobed, each half controlling its own side, though the movement® 
are synchronous with those of the other side. These segments may be 
isolated and will live in pure salt water for 4 to 5 weeks. 

Gas Exchange of Lameilibranchs*^ — One of the most characteristic 
structures of both the fresh-w^ater and marine lameilibranchs is the gill. 
In the forms under discussion, the giUs take the form of two large, double 
plate-like structures I^dng at either side of the body within the mantle 
cavity of the animal It has been very generally supposed that these 
structures have a respiratory function. The size of the structure and the 
amount of water which is passed over the gill would very naturally lead 
to the supposition that the animal is one demanding a relatively large 
supply of oxygen. As a matter of fact, these bivalve mollusks lead a 
very slow sort of life and consume a relatively small amount of oxygen. 
The so-called gill structure finally turns out to be a mechanism for trans- 
porting minute particles in suspension in the water to the mouth. The 
respiratory function of the body appears to be carried on almost exclu- 
sively by those broad membranous folds known as the mantle. The 
mantle is rather richly supplied with blood vessels, and it is here that the 
blood comes into more intimate association with the water than in any 
other part of the body. The oxygen consumption of Anodonta has 
been determined under various conditions of fasting and feeding. While 
the total oxygen consumption is not large, the results have not been 
entirely satisfactory. Marked variations in the oxygen intake of one 
and the same animal have been observed under such conditions that they 
could not be attributed to variations in temperature or oxygen content 
of the vrater or in muscular activity. 

The clam Anodontoide ferrusadanus Lea can live for several days 
in the absence of available dissolved oxygen and during this period can 
continue to produce carbon dioxide. It is unable to remove the last 
fraction of oxygen from the water, probably because of the increased 
acid content of the water. The continued carbon dioxide production, 
together with the activity of the clam, indicates that oxidative processes 
are going on within the clam during the enforced anaerobic period. 
That the nature of the oxidative processes differs before and after the 
loss of available free oxygen is indicated by a change in the rate of carbon 
dioxide production. 

In the case of the mussel Mytilm eduUs L., which has been observed 
throughout an entire reproductive cycle, it has been found that the 
infiuenee of the annual temperature wave is approximately three times 
thM attributable to the sexual cycle. . 

Respiration of Helix.— The Helix, breathes by means of the 

so-called lung.^ This is a small chamber formed between the body of 
the snail and the mouth and opened .to the exterior by a small pore. 
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The. Hniag ..of the' lung wall is richly supplied .with blood vessels. Also 
this wall is supplied with muscles which by contraction and relaxation 
may provide the necessary movements for ventilating the chamber. 
Figure 46, a and 6, show the appearance of the snail at inspiration and 
expiration. 

The gas exchange between the air in the lung and the internal medium 
of the body occurs by diffusion. The respiratory movements are, then, 
for the purpose of maintaining in the lung chamber air of high oxygen 
content and to preserve the respiratory membrane in a moist condition 
so that diffusion may readily occur. The latter function is fully as 
important as the former. Figure 47 represents diagraminatically the 
morphology of the lung of Helix, the mantle having been cut along two 
sides and laid back so as to open up the whole cavity to inspection. 

Jordan at first claimed that in Helix respiration is solely a matter of 
diffusion. It is certainly true that oxygen diffuses from the air in the 
lung sac into the blood circulating in the vessels of the lung. Diffusion, 
however, is not sufficient to maintain at all times in the air sac a concen- 
tration of oxygen high enough to provide for respiratory exchange. 
Ventilation of the air sac through the breathing pore provides the means 
of admitting new supplies of air containing oxygen. When the snail is 
living under very moist conditions, the breathing pore may be open all 
the time, allowing air to pass freely in and out, or if the conditions are 
less moist, the pore may be closed for a longer or shorter period. During 
one observational period of 30 minutes it was found that the respiratory 
pore was closed for 7 minutes (26 per cent of the time), and the pore 
remained closed for as much as 1}^ minutes at one time. There seems 
little doubt that the opening of the pore is for the ventilation of the lung^ — 
but ventilation under such conditions that the absorbing surfaces may 
not become dried. 

The chief factor in regulating breathing movements appears to be 
lack of oxygen. Accumulation of carbon dioxide in the tissues of the 
animal may lead to a wide yawning or gaping of the pore. Normally 
the oxygen concentration in the lung does not fall below 11 per cent. 
When this figure is reached, breathing movements are resumed. Closing 
of the lung leads to an inhibition of heart action, even though a sufficient 
amount of oxygen be present. 

Among the snails, also, oxygen consumption is approximately directly 
proportional to the mass and not to body surface. Neither oxygen 
intake nor carbon dioxide output is altered by increasing the oxygen 
content of the air, but both are decreased when the oxygen content falls 
below 10 per cent partial pressure. 

Respiratory Processes of Mya Arenaria and Other Maxine MoHusca. 
Some of the marine mollusks are able to- make use of the calcareous 
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reserves of the shell and of the liver to regulate their acid-base equilib- 
rium. This can be done with such precision that no change in the pH 
is brought about, even when they are subjected to the most abnormal 
conditions. Mya arenaria, under anaerobic conditions, will survive for 
a period of time which is dependent upon the temperature, the rate of 
carbon dioxide production being increased with a rise in temperature and 
depressed when the temperature is lowered. Glycogen disappears from 
the tissues during the anaerobic periods. Potassium cyanide depresses 
the rate of carbon dioxide production under anaerobic conditions as well 
as depressing the consumption of oxygen under normal conditions. This 
indicates that the carbon dioxide production under anaerobic conditions 
is due to a series of oxidations. These forms may have some store of 
available oxygen which may be called upon when the outside supply of 
oxygen is cut off. 

The CrystaUine Style as a Factor in Respiration. — ^Berkeley is of the 
opinion that the crystalline style is a factor in the anaerobic respiration 
of certain of the marine Mollusca. In Sazidomus giganieus and Paphia 
staminea the crystalline style disappears entirely if the animals are kept 
in water which has been freed of oxygen and out of contact with the 
atmosphere. In Mya arenaria the crystalline style does not disappear, 
but it does become appreciably diminished in size during anaerobiosis. 
Upon access to the air the style regains its normal size. The style seems 
to contain a substance which is a complex of an oxidizing agent and an 
enzyme which can convey oxygen to the tissues when the supply of 
atmospheric oxygen fails. 

Oxygen Consumption by Planorbis.— In Planorbis, Jordan reports 
finding the fact that, between tensions of 6 and 16 per cent of oxygen 
in the lung of Planorbis, the use of oxygen by the animal is almost 
constant. At tensions above 16 per cent the oxygen consumption rises 
very rapidly in proportion to the increased tension, and at tensions below 
5 per cent there is a very rapid falling off in oxygen consumption, as 
would be expected. 

Respiration among Crustaceans. — Most members of the class Crus- 
tacea breathe by means of gUls. These are developed in different 
degrees according to the need of the animal for more or less rapid gas 
exchanges. In the isopods, however, some remarkable transitional 
conditions between the more extreme gill breathing on the one hand and 
the tracheal breathing of the insects are found. The wood lice belong 
to an aquatic family. Asellus aqualieus may be taken as a tjrpical 
example. Next to tMs in habitat and general structure is Ligia oceanica. 
In these forms respiration is effected by means of respiratory organs 
upon the abdominal appendages which have become modifiied into plate- 
like forms. The outer plate (exopodite) is the stouter and covers the 
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cndonodite. If kept moist, the animal is able to absorb air by these plates. 
Oniscus asellus resembles Ligia in the general structure of its respiratory 
organs but has iii addition a curious breathing organ at the edge of each 
exojwditc. This is hollowed out to form a very thin-walled chamber. In 
Porctillio i'caber there is a similar development. Whitish patches indicat- 
ing the presence of minute air tubes excavating the exopods are found on 
the first two pairs of abdominal appendages. These tubes exhibit none 
of the perfecrioas of the tracheae of insects but enable the possessors to 
Ihe under much drier conditions than other members of the group. 
Table 44 gi\x-.s an indication of the correlation of structure, function, and 
habitat in this single crustacean group. 


Table 44. — ^Table Showing Variations in Habitat and Ebspiratort Organs 

AMONG THE Isopods 


Isopod 

Habitat 

Respiratory organs 

ni^uuticus , 

Aquatic 

High-water line 
Wet grass 

Damp places 

Damp places 

Drier places 

1 

Dry places — often 
very dry 

Gills 

Gills with stout exopodite 
Gills with stout exopodite 
Gills with special air cham- 
bers at edges of exopodite 
Gills vdth special air cham- 
bers at edges of exopodite 

I Air tubes in two pairs of 
' exopodite 

Air tubes in two pairs of 
exopodite — with power of 
rolling up 

Ligia oceanica 

Trichoniscu^ pusillus 

07 USCUS asellusi 

■Phil&sirarmusmrum.',' 

Porcellio scaber 

ATTuadillium vulgar e 



Oxygen Consumption during Development. — ^That the developmental 
processes of an animal call for the consumption of oxygen has been shown 
by a study of one of the cladoceran crustaceans Simocephalus exspinosus. 
The young, immediately after hatching, measure 0.63 mm. in body 
length and consume oxygen at the rate of 5.6 X 10“’’ cc. per individual 
per minute. If the size of the young be taken as the unit of protoplasm 
and their rate of oxygen consumption be considered as 100 per cent, then 
for young of the third instar stage the rate is 96.4 per cent; for first 
brood mothers, 52.1 per cent; for third brood mothers, 50.8 per cent; and 
for fifth brood mothers, 41.8 per cent. Beyond this point there is a 
further reduction in the rate of metabolism, for ninth-brood mothers 
have a carbon dioxide production of only 44.3 per cent of that of fitfth 
brood mothera, size considered. 

Respiratory Surface in Crabs;— In view of the importance of the 
•sposed surface for respiratory purp(^ a determination of the relation 
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existing between surface and body weight is of real interest. Damant 
has given' us "the results of a careful determination of the respiratory 
'. surface in some.of the crabs. These forms were chosen because they lend 
themselves to accurate measurement, the respiratory surface evidently 
has but one function' to perform, and the integument of the animal is 
of such a character that it can hardly take any appreciable part in the 
respiratory exchange. 

The gill of the crab consists of pyramidal piles of heart-shaped lamellae 
resembling the leaves of a book, which in the common shore crab are 
comparatively rigid structures standing manipulation, alcohol, etc., 
without change of form. Careful count of the leaves and a measurement 
of the surface of the lamellae indicate that in the shore crab, Carcmus 
maenas^ the gill surface averages 7.7 sq, cm. per gramof body weight; in 
Cancer pagurus, 7.8 sq. cm. per gram; and in Portunus, of w^hich only one 
specimen was examined, 8.7 sq. cm. per gram of body weight. It is to be 
noted in this connection that the determinations show that for the smaller 
crabs the respiratory surface is relatively larger than in the larger crabs, a 
specimen of Carcinus maenas weighing 23 g. having 8.3 sq. cm. per gram 
and a specimen of 102 g. having a surface of 6.6 sq. cm. per gram of body 
weight.' 

These measurements are certainly in line with other facts which indi- 
cate that the smaller individuals of any species have, on the w’^hole, the 
more active respiratory exchanges. 

There is a decapod crustacean, Potamonantes perlaiuSj which is found 
frequently far from water and which is able to survive in air as much as 
6 days. The scaphognathites, paddle-like outgrowths from the exo- 
podites of the second maxillae, maintain a more or less rhythmical 
motion and are assumed to maintain water currents in the gill chamber. 
The scaphognathites may be surgically removed. If the animals be 
left in the air following the operation, they suffer no greater discomfort 
than animals w’'hich have lost a claw. Operated animals which are 
replaced in water die almost at once. This difference in behavior seems 
correlated with the slow diffusion of oxygen through water and its rapid 
diffusion through air. Also the animals deprived of scaphognathites 
have greatly reduced oxygen consumption and carbon dioxide production 
when placed in water saturated with air. The scaphognathite is, there- 
fore, needed for ventilating the gill chamber, so that the gills may func- 
tion normally as organs of gas exchange. 

Normal crayfish show marked individual variations in oxygen 
consumption. These variations are apparently not correlated with 
variations in pH (between 6.8 and 5.2) or with the carbon dioxide content 
of the water.* Oxygen consumption is independent of oxygen tension 
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down to 20 to 40 per cent of saturation, depending upon the size of the 
individual. 

Respirstio!! in Insects. — In most of the animals above the diploblasts 
the blood is the chief carrier of oxygen. Other substances are simply 



dissolved in the serum, but the oxygen is usually loosely combined with 
some substance in the blood plasma or in the corpuscles. Among the 
insects there is a different respiratory arrangement. Even a hasty 
examination of a group that contains aerial and aquatic forms shows that, 
in general, the aerial forms develop respiratory organs by invaginations 
of the body surface to form lungs md that the aquatic forms develop 
rwpiratory organs by evaginations' of the surface in the form of gills. 
So among the arthropods the aquatic forms are provided with gills and 
the aerial forms, which include most of the insects, have tracheae. Here 


Fig. 48. — General tracheal system of worker bee, showing dorsal and lateral parts 
from above; one pair of abdominal sacs removed, and ventral commissures of abdomen 
not shown. (From Snodgrass^ AricUomy and Physiology of the Honey Bee.) 
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it would also be natural to expect to find that the respiratory system is^ 
like other systems of the body, more or less segmentaily arranged. 

The general arrangements of the tracheal systems of two insects 
are showm in Figs. 48 and 49, It will be noted that in one case the main 
portions of the tracheal system take the form of \"ery slender tubes, 
showing by their cross connections and finer branchings definite seg- 
mental arrangements. In the other case, the longitudinal tubes have 
become expanded into relatively immense air sacs which may serve as 
air reservoirs. Milton Lee suggests that the air sacs in holopiieustic 



Fig. 49. — Tracheation of the thorax and first abdominal segment of a noctuid caterpillar, 
dorsal view. {From Snodgrass^ Principlea of Insect Morphology.) 

insects allow a considerable volume of air to be inhaled and exhaled, thus 
causing ventilation of the larger tracheal trunks. The parallel develop- 
ment of the air-sac system with the powers of flight seems to support 
this theory. 

This development is undoubtedly due to the unusual demand for 
oxygen which must occur in the life of a rapidly and continuously flying 
insect. The tracheal systems of insects appear to be comprised of two 
kinds of tubules or to be made up of parts playing two distinct roles in 
the respiratory functions: (1) diffusion tracheae — those passing directly 
to the ceils and tissues of the body; (2) ventilation tracheae — ^main trunk 
lines. As a modification of the latter there are found such tracheal 
sacs as occur in the bee, from which branch off the smaller tracheae 
which, by repeated subdivisions, reach to all the tissues of the body. 
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Ie the case of Dyiucus marginalis larvae,. Krogh foiinci' that the 
ventilation tracheae contained 66 per cent of the volume of the whole 
tracheal system and. the diffusion tracheae, 34 per cent. 

In the development of the very finely divided tracheal system the 
blood of the insects has lost one of its most important functions, that of 
oxygen carrying. How such a condition may have been. brought about 
is, of course, a matter of conjecture. 

Insects which live in the water form two groups: ^ 

1. False aquatics — larval or adult forms which come to the surface 
to breathe atmospheric air or to take down with them atmospheric air 
to be used belo^v the surface. Diffusion of oxygen from the water into 
the air of the air pocket takes place when the oxygen content of the air 
in the air pocket becomes lower than the oxygen tension of the water. 
Since the respiration of mosquito larvae is mostly independent of the 
gases dissolved in water, the conclusions derived from the study of these 
insects cannot well apply to true aquatic insects. Therefore, numerous 
experiments have been performed in a study of the specific effects of pH 
and the carbon dioxide and oxygen contents of water on May fly larvae. 
The pH range of these larvae is 5.9 to 9.5, the most suitable being 7.0 to 
7.6. While pH is a factor of great significance, the carbon dioxide 
pressure is of greater importance; the larvae begin to die when the carbon 
dioxide pressure goes beyond 12.0 cc. per liter. If pH and carbon dioxide 
pressure are suitable, the larvae do not suffer from oxygen want until its 
concentration goes down as low as 0.20 to 0.30 cc. per liter. 

The mosquito Culex breathes during flight. Ventilation of the 
thoracic tracheae is much greater at the beginning and during flight 
than directly after. The flying movements are, therefore, responsible 
for an intensive ventilation of the tracheae of the thorax. Nonfl 3 dng 
insects (Melolontha vulgaris) maintained ventilatory movements in an 
active thorax. That the tracheal sacs are important in the ventilation 
of insects w’^as demonstrated by fixing M. vulgaris in the expiratory and 
inspiratory phases and observing under the microscope. The tracheal 
sacs were open during inspiration and closed at the end of expiration, 
permitting an intensive ventilation. By a pressure of 1 cm. Hg, dis- 
charge of the sacs begins and is completed at a pressure of 5 to 6 cm. 
Dilatation of the tracheal sacs during inspiration is aided by their special 
form, 'and when filled, they ’are at a pressure equilibrium. With pres- 
sures of 6 cm. Hgj'the tracheae themselves are shortened and thickened, 

^ thus diminishing their capacity., ■ Adsorption of oxygen in the smaUer 
'tracheal network is a possible: factor in oxygen transport. Spiral fila- 
ments in the narrow tracheal tub^ serve to increase the surface area. 

;2. True' 'aquatics— all larval’; forms specialist to make use of the 
_ oxygen dissolved in the water ■ wMch they live. 
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■ , It' is' doubtless true that larval forms are,, on the whole, most subject 
to, modification .because of the dependence of the ' animal upon its sur- 
roundings during the growth period. . These modifications may,, be quite 
diffe,rent. in, very .oloseiy allied .forms. For example,, in the two diptera 
Culex and Chironomus the adults are almost alike, yet the younger stages' 
are rem'arkably unlike in the way they have adapted themselves to an 
aquatic life. 

The following statement indicates some of the differences in the carry- 
ing on of the respiratory process in the larval stages of the two forms 
mentioned: 

Ouiex 

Comes to the surface to breathe. 

Breathes by means of spiracles at the end 
of respiratory siphon on the eight ab- 
dominal segments. 

Active. 

Lives at the surface of the pool. 

Has colorless blood. 

Has well-developed tracheal system. 

Pupae 

Respiration effected by a pair of trumpets 
coming off from thorax and opening to 
the air. 

Oxygen is in gaseous condition until it 
reaches the cells needing it. 

According to Miall, in true aquatics with tracheal respiration the 
oxygen is taken out of solution in the gills and carried through the body 
■'as ag'as.",' ■ ' ■ ■ ■ 

Numerous aquatic insect larvae are supplied with tracheal gills. 
In the case of May fly nymphs, all of the gills may be removed (in two 
periods of operation, 3 days apart), and about 50 per cent of the nymphs 
so operated live for a greater or lesser time, many for over a month and 
some for 3 months. These operated animals are somewhat less active 
than normal ones and move about with more effort; when thrown upon 
their backs, the righting of the body is a somewhat difficult process. 
Also these animals molt less frequently than the normal nymphs, and 
they use less oxygen than normal animals. 

In the case of the larvae of the caddis fly, the whole equipment of 
58 tracheal gills can be removed at one time without serious results 
to the larvae. The tracheal gills do not regenerate and the larvae live 
without gills for 8 months and finally pupate. The amputation of the gills 
reduces oxygen consumption only slightly and sometimes not at all. 
The gills apparently play no important-function so far as oxygen intake 
is concerned, the oxygen diffusing into tbe.'jbpdy through the integument; 


Cliironomiis 

Remains entirely submerged. 

Breathes by gills which are tubular out- 
grow’ths o.f the last two segments. 


Lives in the mud at the bottom. 

Blood deeply colored with hemoglobin. 
Tracheal system absent. 

Pupae 

Respiration effected by respiratory tufts 
from the same regions as in Culex — true 
aquatic organs. 

Oxygen remains in solution all the time. 
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but the gills are of importance ' in tbe eMimnatioii of . carbon dio,xid^ 
In the presence of excess carbon dio.xide, .larvae,, without tracheal 'gills 
consume less oxygen than normal ones, succumb to inactivity sooner, and 
recover more slowly. In carbon dioxide elimination the tracheal gillS' 
are important respiratory organs. 

The tracheal gills of the burrowing May flies Hexagenia are respiratory 
organs essential to life. Nymphs that live through the entire winter 
without gills are unable to survive when maturing in the spring. The 
oxygen intake of normal nymphs is approximately twice that of those 
deprived of their gills. The normal nymphs also eliminate carbon dioxide 
more than twice as fast as gilHess ones. The gilUess nymphs show 
rather clearly that their metabolism is lower than that of the normal 
nymphs. 

Respiratory Exchanges of Lower Land Animals. — The French 
chemist Vauquelin (1763-1829) appears to have been the fiirst to experi- 
ment with the respiratory exchange of the lower land animals. His 
experiments had to do with the gas exchanges of the grasshopper and 
some of the snails. Experiments were also carried on by Spallanzani, 
Sorg, Treviranus, Neuport, and others, but their methods were so crude 
that it is not possible to place much reliance upon their results. 

Treviranus noted the fact that carbon dioxide production increased 
with rising temperature and with voluntary movements. He also found 
that the respiratory exchanges in bees, bumblebees, and butterflies 
were relatively large. The respiratory exchanges of the larvae of butter- 
and beetles were of a lower order and of such forms as the worms 
lower still. 

It is only since the work of Regnault and Riset, however, that the 
technic of experiments upon respiration has been perfected to such a 
degree as to warrant general acceptance upon the part of physiologists. 
The work of Pettenkofer and Voit in the perfecting of respiratory appa- 
ratus should be mentioned as of special significance. 

Among the animals living upon the land special attention has been 
given to the insects. The experiments of Luciani and his students have 
a prominent place because of the thoroughness and care exercised in 
devising and carrying them out- For the record of these experiments 
I am obliged to quote from the account given by von Forth. The silk- 
worm, Bombyx mon, was chosen as the subject of experimentation, and 
the respiratory exchanges were foEowed through all the stages of the 
development of life of the animaL 

In the eggs of Bomlyx mori it is possible to distinguish three periods: 
(1) the summer period; (2) the hibernation period; and (3) the period of 
development or incubation, whiehLegins with the first rise of temperature 
in the spring and ends withThe-molting of the caterpillar, the so-called 
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silkwom. Du Ciaux determined the -gas exchange of the eggs, during 
the: different periods and found that- during the summer- .period the 
exchange .is very lively. During the -autumn the respiratory, -activity 
decreases and the egg passes into its winter sleep, or period of hibernation. 
During this period the loss of weight by the eggs is very small .a,nd 
the eggs seem to' withstand temperature changes and draughts of air 
much more re.a'dily than during the other periods of their development. 
The respiratory acti'vity during the period' of hibernation is adapted to 
:the amount of oxygen available. , If the eggs are placed in an, atmosphere 
of pure oxygen, the carbon dioxide elimination is relatively large, but 
in an atmosphere of nitrogen it is ininimaL At a temperature of from 
8 to 10°C. 1 kg. of eggs will in the course of 24 hours give off an average 
of 0.18 g. of carbon dioxide. By further cooling to 0.0° the amount 
of carbon dioxide is reduced to 0.05 g. per kilogram in 24 hours. If 
the eggs are kept for a long time in the absence of oxygen, they become 
asphymated. The higher the temperature at which the}^ are kept when 
in absence of oxygen the more quickly will the symptoms of asphyxiation 
appear. During the period of development of the eggs there is also an 
evaporation of water. In the loss of a large amount of water from the 
eggs they assume a condition in wMch ordinary respiration appears to 
have ceased and in which life processes are latent. Under favorable 
conditions they may again be revived. 

During the period of development in the spring there is an increase in 
the amount of carbon dioxide excreted associated with the rise in the 
temperature of the air. There is also a greater sensitivity to dangers of 
all kinds, such as changes of temperature and lack of oxygen. A short 
time before the crawling out of the caterpillars, the respiratory activity 
becomes so lively that it is more than 200 times that of the eggs during 
the winter period at 0°. In one case noted the amount of carbon dioxide 
given off by 1 kg. of eggs rose during the course of 24 hours from 0.05 to 
11.7 grams. The respiratory quotient also rises and finally surpasses 
unity. 

Liiciani and Monaco have noted also very definite day and night 
variations in the respiratory activity of the young caterpillars. The 
young caterpillars are very heliotropie and move about with much 
more freedom in the light than in the darkness. This acti\dty is also 
expressed in the gas exchange. The fact that such changes in the carbon 
dioxide production of the eggs are possible indicates the untenability of 
the theory advocated by Molschott that the oxidative processes in the 
body demand direct sunlight in the same way as the reduction processes 
of plants. 

In the course of a month the caterpillars go through a series of five 
molts. Each molting is preceded ’by/a'pOriod'- of sleep during which no 
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iiourishinent is taken in, movements cease, and there is a decrease in 
carbon dioxide production, which will rise again at the beginning of reas- 
sunied activity. Before the last molt the production of carbon dioxide' 
is materially speeded up. A decrease then follows this , rise in the carbon 
dioxide output, corresponding to the period of purgation., Two days 
before the caterpillar begins to spin her cocoon she loses her appetite and 
empties her intestine. The body of the caterpillar becomes clearer and 
brighter — an indication of the changes preparatory to silk production, > 

That the pupae of the silkworm breathe was noted by R6amur, who 
found that the pupae died when dipped in oil. Luciani and Monaco 
found that the carbon dioxide production by the pupae was significant, 
there being 0.0113 g. per day per cocoon. 

During the chrysalis stage four phases were noticeable: a period of 
lethargy, then a period of awakening, followed by a short period of 
decreased respiratory activity, and, finally, a rapid rise which precedes 
the coming out of the moth. 

The carbon dioxide production of the moth shows day and night 
variations like that of the caterpillar. This periodicity appears to be 
associated with the different demands made upon the muscles and nervous 
system during these periods. 

According to Paul Bert, the respiratory activity of the shedding silk 
butterfly, in spite of its activity, does not reach the recorded height of 
the caterpillar, and decreases from day to day. For example, a butterfly 
produced in the first day after shedding 90 cc,, on the second day 76 cc,, 
and on the third day 59 cc. of carbon dioxide. 

The Metabolism of Insect Metamorphoses. — The preceding para- 
graphs have given a picture of the metabolic conditions of Bombyx 
during various stages of its career. Crew, in a further study of 
insect metabolism, has shown that in the pupal stage, the respiratory 
quotient has a value of 0.6 or less. The glucose present in the body is 
not all used in respiration but may be utilized in building imaginal tissue. 
Glucose is synthesized at first from protein but during the latter part 
of the pupal stage apparently from fat. The respiration curve falls 
during the early pupal stage and rises during the latter part of that stage. 

The metabolism of the bee moth Galleria mellonella during the pupal 
period shows (at 30*^0.) high oxygen and carbon dioxide exchanges at 
first, then a drop to a minimum, then a rise to a maximum value, and 
finally another drop Just before the emergence of the pupa. 

Respiration of Diving Beetles. — ^The respiratory processes of some 
of the diving beetles have been studied by many investigators. Among 
the forms studied is DytisOus.- 'Dytiscus is a false aquatic form, being 
supplied with a complete tracheal system, the spiracles of which have 
moved backward. Most of the^jb^^oathing is done through the abdominal 
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spiracles,. , "A hollow cavity exi.sts between the ei 3 rt-ra and. the abdomen,; 
This cavi.ty commnmcates with the atmospheric air through a cleft at the 
edge of the abdomen. The edge /of the abdomen is covered with a fatty 
substance ■ which prevents water from flowing into 'the. cavity. StiS 
hairs along the margins ■ prevent particles from entering and air from 
escaping from this air cavity when the animal is submerged. 

, The fact that the whole , respiratory apparatus is covered by the 
el 3 rtra .renders difficult a study of the. respiratory process. Van der Hyde 
devised a method by which it was possible to ,, secure • some information 
as to the nature of the process. ' When the animal first comes tO' the 
surface after a period of submergence, there is at first no real breathing 
movement, although there may be, and usually is, some exchange of gases 
between the air contained in the air space and the outer atmosphere. 
Very soon there is evidence of an active expiration of air, sometimes 
steadily, sometimes intermittently. Almost immediately after the expir- 
atory movement the animal dives. The air contained within the air 
spaces of animals which had been submerged for various lengths of time 
was taken and analyzed. The results indicated that the animals make 
use of the air contained in the air spaces for respiratory purposes, for a 
regularly increasing amount of carbon dioxide was found, and a regularly 
decreasing amount of oxygen, depending upon the length of time which 
had elapsed since the animal was last at the surface. The air expired 
after a normal period of submersion was found to contain 1.07 to 1.63 
per cent of carbon dioxide, 13.07 to 15.29 per cent of oxygen, and 85.86 to 
83.08 per cent of nitrogen. This amount of carbon dioxide is high and 
seems to indicate that the air contained within the air sac is a mixture of 
exhaled air and atmospheric air. It is probable that some of the oxygen 
used by the animal diffuses from the water into the air space, and it is also 
probably true that some of the carbon dioxide exhaled is diffused into 
the water while the animal is immersed. While this is true, it is also 
true that the rate at which the oxygen diffuses into the air space is 
much slower than the use of oxygen by the animal. He concludes that, 
while the animal may have to a certain extent become emancipated from 
its original environment, it is still more dependent upon the air than 
upon the gas derived from the water. 

Respiration of the Grasshopper. — ^The respiratory function has been 
quite thoroughly studied in some of the Orthoptera and some of the 
Hsnnenoptera. The respiratory system of the grasshopper has been 
described in some detail by Vinal. It consists of spiracles opening on the 
surface of the thorax and abdomen, tracheal tubes, and air sacs. The 
tracheal tubes become very finely divided, extending to the deepest-lying 
tissues of the body and penetrating even to individual cells. The air is 
propelled through the tube system by the alternating contraction of 
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of such size as may be used to cover the mouth of a 20-co. vial. The 
abdomen of a grasshopper is thrust through the opening in the rubber 
so that the rubber fits tightly about the body of the animal between, 
the second and third abdominal spiracles. The rubber may then be 
fastened over the end of the vial in one of the three positions shown in 
Fig. 51, a, b, and c. The following experiments reported by Lee are 
suggested as being worthy of repetition. 



a b c 


Fig. 51. — Diagrams showing grasshoppers with abdomen or head inside glass vial. 

A small hole is punched in rubber dam stretched over the mouth of the vial. Abdomen 
is thrust through this hole so that the rubber fits about the body between spiracles 4 and | 

5. a, expiratory spiracles inside of vial containing Ba(OH )2 or air minus oxygen; 5, 
expiratory spiracles inside of vial inverted and full of water; o, spiracles 1--4 inside vial 
inverted and full of water, or with air minus oxygen. 

1. The animal is placed in the tube in the a position, the vial being 
filled with an atmosphere lacking in oxygen. The behavior of the animal 
is normal. 

2. The animal is placed in the tube in the c position, with the vial 
filled with an atmosphere lacking in oxygen. The respiratory movements 
are rapid and dyspneic. 

3. The animal is placed in the tube in the a position, the tube con* 
taining 2 cc. of Ba(OH )2 solution. The liquid in the tube quickly 
becomes milky due to the active production of cai-bon dioxide by the 
grasshopper, 

4. This experiment is similar to experiment 3, except that the animal 
is placed in the tube in the c position. No carbon dioxide is given off 
to the solution in the tube. The animal breathes rapidly and gives evi* 
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dent signs of discomfort. This demonstrates that the anterior four spir- 
acles are not expiratory in function. 

5. This experiment is designed to show whether spiracles 5, 6, and 7 
exhale an appreciable amount of carbon dioxide. The grasshopper is 
placed in the tube with 2 cc. of barium hydroxide solution in the a posi- 
tioUj after the three posterior spiracles on each side have been cemented 
shut. It is found that the liquid in the tube quickly becomes clouded 
with barium carbonate, 

6. In this experiment the tubes are filled with barium hydroxide solu- 
tion, and the animals placed in the tubes in the a position. It is found 
that there is a very large exhalation of carbon dioxide from the most 
posterior spiracle. Plugs of barium carbonate form in all of the abdom- 
inal spiracles below spiracle 4, showing that all these spiracles serve as 
expiratory spiracles, 

7. In this experiment the tube is filled with water and the animal 
placed in the tube in the h position. The rubber is rather loosely fas- 
tened in place so that there may be a leakage of water from the tube as 
gas arising from the abdominal spiracles collects in the upper part of the 
tube. Analyses of the gas collected in this way give an average of 4.5 per 
cent carbon dioxide and 16.1 per cent oxygen. 

8. This experiment is a repetition of experiment 7, but with the animal 
in the c position. In this case no gas is given off from the body, and there- 
fore none is collected. There are some signs of discomfort upon the part of 
the animals, but the latter are not asphyxiated. The supposition is that 
the abdominal spiracles serve both inspiratory and expiratory functions. 

9. Animals with the spiracles 1 to 4 of the right side cemented shut 
are placed in the tubes in the a position. Bubbles of gas are seen to 
escape from the abdominal spiracles of both sides, thus showing that there 
is a definite side-to-side connection of the tracheal tubes. 

Experiments are also made to determine the effects of temperature 
upon the respiratory process. Inasmuch as the observations made are 
upon the rate of the respiratory movements rather than upon the relative 
amounts of carbon dioxide produced at the different temperatures, the 
r^ults seem to the author to be inconclusive and misleading. 

As a continuation of the work mentioned above, Milton Lee has 
made experiments upon representative species of every family of the 
Orthoptera, These indicate that the mechanism of external respiration 
is the same in all of these forms as that described for the grasshopper. 
Air normally enters the insect body through the anterior four pairs of 
spiracles and is exhaled through the posterior six pairs after traversing 
the anastomiBing tracheal trunks. 

James McArthur has also studied the functions of the different 
, spiracle in four species of pa^hopper. He used three principal methods ; 
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L Certain groups of spiracles were immersed in water for periods of 
24 hours. : 

2. Certain groups of spiracles were sealed with asphaltum varnish. 

3. The exact phases of the respiratory movements at wliich the 
spiracular valves opened and closed were deteriiiinecL He found that, 
although it is true that spiracles 1 to 4 are usually inspiratory and 
spiracles 5 to 10 expiratory in function, their action is subject to con- 
siderable variation under both normal and abnormal conditions. The 
operation of the spiracular valves is controlled by an internal mechanism 
which is capable of reversing the times of opening and closing of the 
valves. The internal control of the valvular action makes possible a 
reversal of the direction of the air currents through the spiracles, with 
the result that air currents can be forced through the body in any of 
several possible pathways in response to the needs of the organism. 

The rate at which different individual grasshoppers, both normal 
and decapitated animals — Melanoplus differentialisj M. femur-rubrum, 
ArpMa xanthoptera^ and Chortophaga viridifasciata — breathe after com- 
parative regularity has been established is very variable. At least 
40 observations are necessary to get a mean representative of a series. 
Many modifying factors are involved, of which temperature is but one. 
Grasshopper nymphs of the species M» differeniialis show a definite 
increase in rate of oxygen consumption as the temperature is raised from 
10 to 52®C. Nymphs exposed to constant temperature gave couvsistently 
higher rates of oxygen consumption than nymphs exposed to a series of 
temperatures. As in numerous other physiological activities the values 
of the temperature coefficient Qio decrease with increase in temperature. 
The values of the temperature characteristic jx have been calculated and 
found to be of two types: above 30"^, /a = 11,300; below 30°, = 16,840. 

The respiratory movements of the grasshoppers Dixippm inot'osus 
and Aeschna grandis are controlled through two respiratory centers, 
primary and secondary. In Dixippus morosus there is a coarse regulation 
through primary centers probably located in each segment of the abdomen 
and thorax. A more delicate regulation is effected through secondary 
centers located in the prothorax. Both centers are subject to stimula- 
tion by air rich in carbon dioxide or poor in oxygen. The secondary 
centers are stimulated by carbon dioxide of only 0,2 per cent, with a 
maximum excitability between 15, to 20 per cent. Oxygen of over 
21 per cent does not stimulate either of the centers. The secondary 
center of the prothorax possesses a central nervous apparatus, the 
prothoracic ganglion, plus receptors which are probably located in out- 
going tracheal branches of both anterior thoracic stigmata just behind 
the stigma valves and before the divergence of other tracheal branches. 
In a quiescent grasshopper under; ordinary -and favorable conditions, the 
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primary centers alone may maintain sufficient ventilation. The larva 
of the dragonfly Aeschna grandis shows a carbon dioxide regulation in 
addition to the regulation for oxygen-rich and oxygen-poor water demon- 
strated by Babak. Carbon dioxide as H2CO3 is always present in small 
quantities in the water. The prothoracic ganglion is regarded as a 
secondary center and the nervous central organ of respiratory regulation, 
but in this animal it acts under normal and favorable as w^ell as under 
unfavorable conditions. The primary centers maintain breathing only 
insufficiently and can be excited only through great changes in the breath- 
ing medium by reduction of oxygen or increase in carbon dioxide content. 

Krogh found that about 20 per cent of the air contained in the hind 
legs of the grasshopper can be renewed in one breath. The percentage of 
oxygen in the air of the hind leg is very high during rest, reaching a value 
of 16 per cent. After muscular exertion this value is reduced to 5 per 
cent. The percentage of carbon dioxide found is always considerably 
less than the oxygen deficit, so that a large part of the carbon dioxide 
formed must be carried away by other means than by the tracheae. 

Respiration of May Beetle, — ^May beetles averaging 1.06 g. in weight 
have a tracheal system the total capacity of which is 0.63 ce. and the 
vital capacity, 0.21 cc. Air entering through the thoracic and abdominal 
stigmata mixes intensively in the tracheal system. The pressure within 
the tracheal system increases less than 0.5 mm. Hg during expiration. 

Respiration of the Cockroach, — Hazellioff and Jordan have studied 
respiration in the cockroach Periplaneta americana. The animals were 
fastened to a cork plate in a gas chamber and exposed to different tem- 
peratures and gas mixtures. At 28°C., the normal temperature, the 
resting animal shows no movements of the almost completely closed 
spiracles. When in motion, living animals use only the first thoracic 
and abdominal pair. The others close completely for an instant at 
each expiration. Observations under water show that inspiration and 
expiration occur in all stigmata. Besides the known regulation of 
respiration, there is a regulation of diffusion. For example, animals die 
with all the stigmata dilated. When the temperature is increased the 
stigmata widen. Two to three per cent carbon dioxide opens the stig- 
mata farther. Increased ventilation (pumping movements) appears in 
the presence of 10 to 15 per cent carbon dioxide. Reduction of oxygen 
to 5 per cent often causes dyspnea. Experiments in which different gas 
mixtures are blown through a capillary tube show that each stigma is 
self-regulated peripherally. In four experiments it was shown that 
carbon dioxide is the physiological cause of the regulation of diffusion. 
In ten kinds of insects and five kinds of spiders the same results were 
obtained. According to the literature,, the normal closure of the stigmata 
is a protection against desiccation. "The opening of the stigmata and 
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the succeeding diffiisioii ventilation are chiefly the result of locaistimula- 
tion of the spiracles by carbon dioxide. 

, : The,Odonata (dragonflies) are among the most highly organized of 
the insects.' Their very active existence calls for a very plentiful supply 
of oxygen.. This is supplied through an elaborate tracheal system. 
G. G. Scott has described in some detail the tracheal system of the 
nymph .of the dragonfly Plathemis lydia, In this form the tracheal 
system.is at first ' adapted to the aquatic larval life.'of .the animal and then 
changes to somewhat simpler conditions in the adult. The tracheal 
tubes are distributed throughout the body, extending to all the deeper 
lying tissues and even to individual cells- It is to be regretted that 
Scott’s observations did not extend to the actual operation of the 
system. 

Respiration among the Bees. — Milner has studied the respiratory 
exchange of the honeybees. He found that a certain colony gave the 
results indicated in the following tabulation: 


Number of 

Liters of gas in a 10-day period 

Heat calories 

Rate per gram 

individuals | 

Oxygen 

Carbon dioxide 

per day 

9635 

138.4 

129.9 

688 

0.1 


When this is compared with corresponding facts derived from a study 
of human respiration one is struck by the great activity of the bees. 
The average laboring man of 70 kg. weight gives off about 4000 caL 
of heat per day. The heat production of the bees is equivalent to that 
of a man of 70 kg. doing very severe muscular labor, and giving off 
heat at the rate of 7000 cal. per day. Such heat production by the 
lumbermen of the north woods is known and has been measured. It 
is possible to concede that during the most active period of the day the 
heat production may be double that of the average of the rest of the 
day, possibly as high as 600 cal. per hour. This is considered to be 
associated only with exhausting work, almost at the limit of human 
endurance. This output per unit of weight is somewhat greater than 
that of the colony of bees as a whole, but it must be remembered that 
not all of the bees are engaged in excessive heat production at the same 
time, the rest being crowded together in the shell of the cluster or in 
empty cells of the honeycomb, or standing quietly. The amount of 
work that is done by the bees that are really active is comparable with 
that done by man under unusual conditions and is, therefore, relatively 
enormous; and this is maintained not only for short periods but through 
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the whole day and the .whole winter.' The figures ohtained in, thik 
experiment represent about as^ low an expenditure of energy, as is ever 
foimrl in a colony of bees^ except .for short inte.rvais, , 

Oxygen . Tension in the Tissues of Certain Invertebrates— Aide 
found in ail of the animals which he -studied a positive oxygen tension of 
about I per cent in the blood and tissues. In the coelomic cavity 'of the 
earthworm Lumbricus the tension is low., , In. , all. the tracheates the 
tension is very high. In the greater number of forms between these 
extremes the individual variations are insignificant. Animals placed in 
atmospheres rich in oxygen tend to exhibit an increased oxygen tension 
in the tissues. In Lumbricus, however, there does not appear to be a 
definite relation between the increased oxygen tension of the air and the 
tension in the blood and tissues. In the tracheates, on the other hand, 
there is a very distinct relation, the increase in the blood and tissues 
running parallel to that in the atmosphere. 

Respiration of the Scorpion.— -In the scorpion Buthus quinquestriatus 
of the mountains of Palestine, cardiac and pulmonary pulsations are 
of equal frequency. A cross section of a living scorpion at lung level 
shows that the heart motion is carried over to the lungs and that pul- 
monary pulsation ceases when the connecting band between the two 
organs is severed. FraenkeFs original opinion that pulsation of the 
lungs IB caused by movement of the blood is contradicted by the observa- 
tion that oscillation of the lungs continues in a scorpion from which the 
liver and total blood have been extracted. The respiration of the 
scorpion consists of two components : (1) the little pulsations of the lungs, 
which maintain a continuous ventilation, important apparently as 
keeping the layers of air next the pulmonary leaflets in motion; (2) the 
opening of the stigmas, and the expansion and contraction of the pulmon- 
ary sacs connected therewith. 

Respiratory Exchange of Aquatic Animals.— A considerable number 
of experiments have been performed by Linstedt upon aquatic animals, 
especially fishes, with an improved Zuntz respiration apparatus. 

It was found that tench (fish very tenacious of life) were not able to 
live even for a short time in water which was practically free from oxygen 
(0.077 cc. per liter). They are, therefore, incapable of true anoxybiosis 
such as has been found in the case of the frog. Tench, however, did 
survive in water containing 0.3 ce. per liter of oxygen, while perch 
perished in water containing 0.5 cc. .of oxygen per liter., 

The oxygen requirement was also determined in relation to its depend- 
ence upon temperature and in-'COimection with carbon dioxide produc- 
tion. Inspiration and expiration were, in the case of fasting tench, 
6.05 ee. of oxygen and 4,77-ce. of uarbon, dioxide, respectively, per kilo- 
gram per hour at 0*^0. ■'/ The ’ corr^ponding values at 2S.1°0. were 
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100.44, cc.. of .oxygen and ,88.54 of carbon dioxide. From these and 
intermediate data, it was determined that the intensity of life p.r,ocesses' 
increases with rising temperature and obeys the Van't Hoff ' law, which 
holds in the case of .most chemical reactions, Ic., the o.xygen and energy 
consumption double for each 10® rise in temperature. 

; From experiments upon 1-, 2-, and 3-year-oId tench and upon 2- and 
3-summer pike it was determined that the intensity of the respiratory 
process in both of these ■ fishes is directly propo,rtionai to body surface. 
The Bergmann and Rubner surface law (according to which equivalent 
amounts of energy are consumed for equal surfaces), which was originally 
sustained only in the case of the warm-blooded animals, was further 
extended in its application to tench and pike. The 1-, 2-, and 3-year-oId 
tench consumed 103, 69, and 50 cc., respectively, of oxygen per Miogram- 
hour, while the consumption per unit of surface (centimeter squared) 
fell within the narrow limits of 2.2 to 2.9 cc, for all three groups. Oxygen 
consumption in the case of the pike was 4.1 to 4.9 cc. per unit surface 
and 98 to 75 kilograms per hour. The results show that the con- 
sumption of energy is not fully explained by heat relations. Inclusion 
of the rainbow trout and perch in these experiments shows the enormous 
difference in oxygen consumption which may appear between different 
fish even though temperature and surface relations may be identical. 
Under similar conditions the metabolism of the trout is five times that 
of the tench. The difference is not due to the difference between pred- 
atory and nonpredatory fish, for the perch and pike exhibit no appreci- 
ably higher rate of metabolism than the tench and are even exceeded in 
this respect by the carp. Abnormally high or low respiratory quotients 
do not of necessity correspond to actual metabolic changes. Abnormally 
low values result from the retention of carbon dioxide in the organism, 
and this condition may persist for hours after pronounced cooling. In 
the same way elimination of carbon dioxide may be brought about as the 
result of a continued rise of temperature of the organism which diminishes 
the capacity of the fluids and tissues of the body for carbon dioxide 
absorption. 

Oxygen Requirements of Fish.— The work of Gardner and Leetham 
gives an indication of the requirements of the brown trout, a relatively 
active fish, for oxygen. They found that a very distinct relation exists 
between the amount of oxygen needed and the temperature. Table 45 
is a summary of their observations upon this point. 

It has been further shown that, in sharks living in sea water, the 
oxygen tension of the blood is less than that of the %ater. This is partly 
due to the consumption of oxygen in the blood itself. The oxygen ten- 
sion of fresh blood shaken with "^r,' .decreases very rapidly and after 
S hours the blood is almost Completely yenom 
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authors '.iiave found in the ^brown/trout.a' very', distinct 
correlation between' temperature and- the amount of oxygen .consumed.. ' 
' Table 45.*~Ox:ygen EEQm'iiEM.BNTS 'OF Tro''cft , ' ' 


Weight of fish, i 
■ grams 

Temperature 
. of water, ■ 
degrees. " 
centigrade ■ 

Asphyxiation 
point, cubic 
centimeters of 
oxygen at 760 
mm. pressure 

Partial pres- 
■, .'Sure, per. ,cent 
of !'■ atmosphere 

Normal cubic 
centimeters of 
.■ oxygen at 760 
mm. pressure, 
in water per' , 
'liter'''-,', ■ 

90 

: .'6.4'.' 

0.79 

''',■■"'■■■■1.89':'. 

', 8. 6'' 


',5-10 

0.81 

,,','.2.19'' '■ 

8.0 

80 

"'..■'.TS'.O " 

■ 1.49 ■ 

'■' 4.62 ^ 

6.61 

■" 80'., ■■■' 

.'17.0,,".' 

. 1.B7 

, ' 4'..'17'.''"'' 

''6,.'75: ' 

90 

V24.0 ■ ' 

■" .1.97'. 

'.■,■6.83 

- ■ ^:5.8.9, ' : 


.;..25.0 

■ ^ 2.4 

'.• ,''8,.49.' 

'■''■ .6.,78 ■.'' 


It will be noted that the amount of oxygen consumed approximately 
doubles for a 10*^ rise in temperature, up to 16 or 17°. Above that tem- 
perature the increase is not so great. The authors do not explain this 
fact. It would appear to be possible that there is at higher temperatures 


Table 46. — Oxygen Consumption op Trout 


, ■■■! 

Temperature, 
degrees centigrade 

Average oxygen con- 
sumption in cubic 
centimeters per kilo- 
gram per hour 

Seven experiments. ......... 

4.1- 7.4 

102.5 

Three expenments, 

16.1-16.8 

206.5 

Four experiments. 

20.1-22.0 

204.2 


a destruction of some subvstance involved in the oxidations taking place 
in the body. 

Gardner and Leetham also made a determination of the amount of 
water which it would be necessary for a trout to pass over its gills in 
order to provide the neeessaiy . oxygen for carrying on body processes. 


Table 47. — Watwb Transport over Gill 
Ctthic centimeters of water per hour 




7-8® 

21° 

I 25° 

4-m. trout. . 
8-in. trout. , 



; 743 

(16) 2676 , 

: 977 


These figures probably mpte^nt ik^ minimum requirements. 
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' The chub Leuciscus survives ..a diimnutiou of .oxygeu pressure to some-, 
what less than 2 per cent of an atmosphere; a reduction to 1.5; per ce,nt 
leads to a condition of asphyida. There is, therefore, no anaeroMosis, 
thus differentiating this fish from some of the amphibia in which there 
has been found the possibility of existence for a time in the absence' of 
free oxygen.' 'v 

■ Trout use a greater .quantity of oxygen than do smaE and large gray*' 
Eng, goldfish, eels, and pike. The. oxygen absorption is approximately' 
doubled with an increase of lO'^C. in temperature within the ordinary 
physiological range. Goldfish and pike endure much lower oxygen 
tension at any given temperature than trout, which do not fiourisfa 
above 18 to 20°C. Goldfish remain healthy up to SO'^C. Pike show 
signs of distress at 27 to 29°C. 

There are great variations in the ability of different marine fishes 
to remove dissolved oxygen from sea w^ater. The toadfish, for example, 
is able to remove practically all measurable oxygen from the water, when 
it is present only at very low partial pressure. The common mackerel 
is unable to remove oxygen except at high oxygen tension. This latter 
fish seems unable to respire unless it is moving forw’-ard. 

There is a correlation between the actmty of fishes and the influence 
of the surrounding oxygen tension upon the oxygen consumption. The 
more active fishes, such as the scup, show a greater resistance to variations 
in oxygen tension than do the less active puffer or the very sluggish 
toadfish. 

In the case of the puffer fish (Spheroides macuMus) the amount of 
water pumped over the gills varies directly with the respiratory rh 3 rthm, 
between 12 and 22®C., but the amount of oxygen absorbed is independent 
of the respiratory rhythm. Oxygen appears to pass through the gills 
at a maximum rate. 

Fish are susceptible to an accumulation of carbon dioxide, a pressure 
of 8 to 9 per cent being injurious to Perea, 11 to 13 per cent to Leuciscus, 
and 30 to 38 per cent to Carrassius. On diminishing the oxygen supplied, 
increasing the carbon dioxide pressure, or raising the temperature, the 
respiratory movements are increased. Air which is taken at the surface 
into the mouth of the fish does not come into contact with the gills, but 
serves partially to saturate the water in the mouth before passing over 
the gills. Under normal conditions more than 68 per cent of the oxygen 
breathed (in 3000 to 4200 cc. of water per hour for a 150-g, Leuciscus) 
may be absorbed. 

According to Powers, fishes are able to survive at rather low oxygen 
tensions without ill effects. The species of fishes which were tested had 
a rather narrow optimum pH range for absorbing oxygen at low oxygen 
tension. The limiting factor in this case seems to be the carbon dioxide 
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tension of the water. The pH of the sea water with a given alkali 
reserve is dependent upon the carbon dioxide tension. The optimum 
carbon dioxide tension of the sea water for a species of fish would perhaps 
depend upon the alkaline reserve and the optimum pH of its blood. 

Powers has been able to show that the rate of oxygen absorption in 
cubic centimeters per kilogram per hour is, during the first 10-minute 
exposure, lowered by a decrease in the oxygen tension, or by an increase 
in the carbon dioxide tension, of the water in which the herring (Cfwpea 
pallasi), the silver salmon (Onocorhynchvs Msutch), and the viviparous 
perch {Cymatogasta aggregatus) are confined. A combination of the two 
factors is more effective than either one alone. Also the herring is more 
sensitive to an increase in the carbon dioxide tension of the sea water, 
and the silver salmon to a decrease in the oxygen content. 

Effects of Carbon Dioxide. — darbon dioxide is a substance which 
must be excreted from the animal body if life processes are to continue. 
It is therefore not at all strange that the presence of large quantities of 
carbon dioxide in the air breathed by air-breathing animals, or in an 
uncombined form in the water which forms the natural environment of the 
jujuatie animals, should prove very disturbing to the proper balance of 
metabolic activities. 

For goldfish it has been ascertained, for example, that the presence 
of carbon dioxide in the water causes increased depth of respiratory 
movements, more difficult breathing, and in tensions greater than 1.7 per 
cent of an atmosphere produces temporary inhibition of respiration 
comparable with the closure of the glottis in mammals. 

It has also been known for a long time that a deficiency in the amount 
of oxygen contained in the water will lead to what is knowm as surface 
breathing, i.e., the fish comes to the surface of the water and gulps air 
into the mouth. This is apparently not for the purpose of bringing air 
into direct contact with the gill membranes, but to increase the concen- 
tration of oxygen dissolved in the water which passes over the gills. 
Such surface breathing can also be induced by an increase in the ten- 
sion of the carbon dioxide in the water to from 3.2 to 4 per cent of an 
atmosphere. 

When a fish is left for some time in water which contains an excess of 
carbon dioxide, a characteristic series of symptoms of narcosis are pro- 
duced. There is a cessation of voluntary movements, except when 
stimulated; this is followed by the loss of the head-to-stream reflex, and 
later a loss of equilibrium. If this poisonous effect is not allowed to go 
too far, the fish will recover when placed in water containing oxygen and 
free from carbon dioxide. 

Dissociation of Blood of SMiM.--Krogh and Leiteh have made a 
study of the dissociation curves of the blood of fehes between 10 and 
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20® and with. and without the presence of oxygen.. . The tension at which 
the blood iS' half saturated with oxygen is defined as the, tension' of unload- 
ing, 4, .of the blood. The fresh-water' fishes, such as the' carp, eel, and 
pike, w^hich are exposed to low", oxygen pressure, the 4 in the absence of 
oxygen is comparatively low (2 to 3 mm. at 16®) though much higher than 
in pure hemoglobin solutions, . but it becomes gradually increased by 
carbon dioxide tensions of 1 per cent or less (7.6.,.inm.). In marine fishes 
and in siic.h fresh-water fishes as are never normally' exposed to low oxygen 
tensions, the 4 of the carbon dioxide per cubic centimeter of blood at 
15® is nearly, as high as that in mammals at 37®, 18 mm. in the 

cod, and 10 to 11 mm. in the plaice and trout, and in these also the 
presence of a small amount of carbon dioxide diminishes very consider- 
ably the affinity of the blood for oxygen. The dissociation curve in 
both cases appears to be adapted to the conditions under which the 
animals live. 

Blood Gases of the Carp. — The arterial blood of the carp contains 
on the average about 9.5 per cent of oxygen. This amount varies with 
different individuals, and the variation may be correlated with variations 
in the hemoglobin content and the number of red corpuscles. The 
oxygen dissociation curve is, especially with the lower oxygen tensions, 
quite steep, and the influence of carbon diojdde on the oxygen curve 
is strongly marked. Fish blood (and that of the carp is no exception) 
has a lower buffer capacity than mammalian blood. The fish is, there- 
fore, relatively highly sensitive to increased carbon dioxide concentrations. 

The general significance of the hemoglobin being present in semi- 
permeable corpuscles and not simply dissolved in the plasma is ascribed 
to the fact that this arrangement makes possible the adaptation of the 
hemoglobin to extremely different respiratory conditions without inter- 
fering wdth the general composition of the blood. 

Functions of the Swim Bladder in Fishes. — Numerous investigators 
have studied the swim bladder of fishes with reference to the part which 
it may play in the w^elfare of the animal. This structure is a hollow sac 
lying in the fish dorsal to the coelom, between the alimentary canal, 
from which it is derived, and the vertebral column. In some of the 
fishes there is in the adult a persistent connection between the sac and 
the alimentary canal; in others this connection has been lost after 
the formation of the sac as a diverticulum from the gut. On a portion 
of the surface of the sac there is a glandular area which is very vascular. 
This is variously known as the rete mirahUe^ gas gland^ or red gland. 
In view of the rather close resemblance between the origin of the swim 
bladder and of the lung, it has been very natural that it should be con- 
sidered by embryologists as fundamentally the same sort of structure. 
If this is true, it would then seem .true that the lung of the air-breathing 
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animals is an adaptation of the original swim bladder to extraaquatic 
li\’ing conditions. It was undoubtedly this similarity of origin that first 
led to the suggestion that the swim bladder might have some respiratory 
function. 

Up to the present time, four different functions have been ascribed 
to this organ: (1) it has been found to serve as a sound-producing organ; 
(2) it serves as an accessory organ of audition; (3) it serves as a respira- 
tory organ; (4) it serves as an hydrostatic organ. Of these, the hydro- 
static function is for most fishes the most important. For many fishes 
the respiratory function is of great importance, or may come so to be 
in case the fish is thrown into unfavorable conditions. 

F. G. Hall has studied the respiratory function of a number of the 
fresh-water fishes, including perch, pickerel, bluefish, sunfish, large-mouth 
black bass, small-mouth black bass, sucker, and carp. He made chemical 
analyses of the gases contained within the swim bladders of these fishes 
under varying conditions, such as fishes taken from the normal aquatic 
environment, fishes kept in the laboratory tanks, fishes in water of low 
oxygen content, fishes in water of increased carbon dioxide content. 
The normal gaseous content of the swim bladder in the forms studied is 
approximately that of the atmosphere when the fishes are swimming 
near the surface. Under reduced air pressure, f.e., in water containing 
little or no oxygen, there is a reduction in the amount of oxygen to be 
found in the swim bladder, thus indicating that the structure really has 
a respiratory function. The effect of an increase in the oxygen tension 
of the water is to increase the amount of oxygen in the swim bladder. 
If the amount of carbon dioxide in the water is increased, there is an 
increase in the amoimt of gas in the swim bladder, so that the fish is 
automatically forced toward the surface of the water. This fact points 
to a close relation existing between respiration and the hydrostatic 
functiom 

The question as to how the gases get into the swim bladder must be 
answered. In such fishes as retain a permanently open duct between 
the swim bladder and the pharynx, it would be possible for air to pass 
directly from the mouth into the air sac. To render such air in the air 
sac available for use in the organism for purposes of respiration would 
require a vascular organ similar to that which is found in the rete mirabile 
and wMeh may act in both directions as well as in the one. It is certain 
that in the forms in which there is no open duct leading into the swim 
bladder there is a diffusion of gas in either direction as the conditions 
under which the animal is placed may from time to time determine. 
Dalton’s law of partial pressxires appears to hold here as in other cases of 
gas diffusion. The law states that in a mixture of gases each gas exerts 
the same pressure as it would exert if it alone were present in the volume 
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occupied by the mixture. Most physiologists; believe that the laws of 
physical diffusion explain the interchanges of gas during;, the, processes 
of respiration. After m,aking an investigation of the partial pressures of 
the gases of the blood and of the swim bladder, Hal! comes to the con- 
clusion that there is in some of the fishes studied (carp, bass) a physical 
diffusion to and from the swim bladder. In other cases there appeared 
to' be an active secretion of gas by the swim-bladder gland. This secre- 
tion is apparently controlled through the presence in the blood of some 
substance which modifies its hydrogen-ion concentration. An increase 
in the hydrogen-ion concentration results in an increased flow of blood 
through the gland because of the dilatation of the capillaries of the 
gland and an increase in the oxygen tension due to the local dissociation 
of oxygen from oxyhemoglobin. 

A complete account of the mechanics involved in oxygen and carbon 
dioxide storage in the swim bladders of fishes is a story too long and too 
complicated to be included in this course. Those interested will do well 
to consult the papers of E. B. Powers on “Respiration of Fishes.^' 

The gas exchange of the fish Fnndulus pampinnis is probably rela- 
tively independent of small deviations from the usual oxygen tension 
of the medium and is very markedly decreased at or near the asphyxial 
level of oxygen tension. 

Respiration in Hibernating Animals. — ^The effects of lack of oxygen 
and of excess of carbon dioxide upon the respiratory rhythm of hibernat- 
ing bears have been studied by Dysek. 

Lack of oxygen brought about through the inhalation of hydrogen 
brings first of all a change in the respiratory rhythm. This has been 
questionably attributed to the reflex action of the hydrogen and is 
followed in from 10 to SO minutes by a surprising increase in the frequency 
of the movements, w^hich may be maintained for as long as an hour. 
Further continuation of the experiment results in an aw^akening of the 
animal, but after access of air and an ensuing series of rapid respiratory 
movements, the condition of respiration characteristic of deep sleep 
is again attained. This rapid return to the normal respiration of sleep 
makes it probable that the increased frequency of respiration is not due 
so much to the awakening as to the simple dyspneic stimulus of the 
respiratory center. The presence of as much as 1.5 per cent carbon 
dioxide in the respired air causes an increase in the frequency of respira- 
tion (as much as twice the normal rate), which persists for more than an 
hour and gradually disappears with access of normal air. More pro- 
nounced acceleration (of reflex origin) may be produced by air containing 
2 per cent or more of carbon dioxide; air containing from 3 to 4 per cent 
of carbon dioxide brings about distinct, dyspnea, which persists for a 
time, even with the access of normal air and is then followed by remark- 
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able apneic conditions. The respiratory center of hibernating animals, 
therefore, reacts both to lack of oxygen and to excess of carbon dioxide 
with distinct dyspneic conditions. 

Special efforts have been made to secure accurate data on the lowered 
conditions of respiration, heartbeat, and body temperature of the 
thirteen-lined ground squirrel Ciiellus tridecemlineatus in hibernation. 
As contrasted with a rate of about 100 to more than 200 inspirations a 
irunute in the active ground squirrel, the respiration rate in deeply 
torpid animals averaged to 4 a minute. The heart rate in ainmals 
awake and active usually ranged from 200 to 350 a minute, but in deeply 
torpid animals below 10°C. the average rate was 17.4 and the minimum 
rate, 5 a minute. The temperature of the normal animals ranged from 
about 32 to about 41'’C. The usual range in a warm room was 35 to 
39°C., and in a cold room, 32 to 36°C. In normal hibernation the body 
temperature was found as low as 2.0°C. In deep hibernation the body 
temperature was less than 3, and often less than 1°G. above the surround- 
ing temperature. Loss in weight during a winter of hibernation was 
found to be as great as 40 per cent. 

Respiratory Exchange of the Lower Animals at Different Tempera- 
tures. — ^Vernon has made a careful study of the respiratory exchanges 
of a number of different animals at different temperatures, the results of 
which are summarized in Table 48. The figures given are of decimilli- 
grams of oxygen absorbed per kilogram of body weight, and the animals 
are arranged in the order of their relative respiratory activity. 


Table 4S. — Oxygen Absokption in Relation to Weight 


Name of animal 

10® 

12® 

' 14“ 

16® 

00 

0 

0 

0 

22® 

24® 

Qio 

ttlesii* 

1 

12 

16,5 

21.6 

27.5 

34 

40 

1 

47 

55 

2.96 

v&fi£ris. **-..*..-.** 

I 17 

23 

1 ■ , 

30 

37.5 

45 

53.5 

63 

74 

2.79 



1 29 

42 

* 56 

72 

i 88.5 

106 

1 126 

147i 

3.18 

(Jn^rmarina keistaia. 

1 67 

: 67 

77 

87 

97 

107 

s 117 

127’ 

1.77 

Hhizostofna ptilmo, 

54 

69 

85 

103 

124 

147 

172 

199 

2.54 

, , . . .V. 

71 

82 

96! 

112 

133 

159 

191 

227' 

2.29 

S^p€t> pinwxtu, 

53 

72 

93! 

116 

142 

169 

im 

231 

2.86 

TBihifs 

131 

140 

16lj 

165 

183 

207 

236 

276 

1.70 

AmpMoxuB luw* 

296 

aes 

439' 

511 

583 

655 

727i 

798 

2.03 

Oii$puB indgaris * , ^ * 

915 

1000 

1115 

1240 

1410 

1630 

1936‘ 

2315 

1.94 

ehtoMw* 

1095 

iieoi 

1230' 

1330 

1465 

1616s 

1795' 

2035! 

1.56 

S^TTiWUS BCnlMu 


1235 

1430 


1900 

2160! 

2440 

2770 

1.97 


Average tempemtmre coefficient for tlie aboTe — 

Bum kmpormm. , 

B 

1 1120 

1180 

IIQ 

1310 


1780 


1.67 
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Ab examiiiatioii ■ of the figures presented in this table will show that 
changes of temperature exert, a very marked influence on the rate at which 
oxygen is absorbed; It also appears that in almost all the animals 
examined the temperature coefficient has a value which indicates that 
the process examined is chemical in character and in accord TOth the 
Yan^t Hoff' law for the increase in reaction velocity vith increase of tem- 
perature.". Vernon^s statement that the more highly the tissues of an 
animal are, structurally differentiated the .less the respiratory actiwty is 
affected by changes of temperature seems hardly warranted. 

Rate of Oxidation, in Echinoderm and Hereis Eggs. — Warburg studied 
the rate of oxygen consumption in the unfertilized and fertilized eggs 
of the sea urchin Arbacia and found that upon fertilization the rate of 
oxidation was increased some 600 or 700 per cent. He makes the state- 
ment that this increase is not due chiefly to nuclear division, for there is 
no proportional increase in the 32-cell stage over the 8-ceIl stage. Also, 
if cell division is inhibited by placing the eggs in hypertonic sea water, the 
amount of oxygen consumed is not greatly altered. 

The oxidative processes of the eggs of Paracentrotus and of Arbacia 
are inhibited by exposure of the eggs to carbon monoxide. Such eggs 
show a turbidity indicative of colloidal aggregation. Warburg supposes 
that the carbon monoxide combines with the respiratoiy enzyme. The 
lesser effects of carbon monoxide on unfertilized eggs are considered due 
to incomplete saturation of the ferment by the gas. 

As opposed to the earlier findings of Warburg upon the eggs of 
Arbacia, Barrow has shown that the total oxygen consumption of the 
eggs of Nereis from the irdtiation of fertilization to the two-cell stage is 
no greater than oxygen consumption for a similar period before fertiliza- 
tion. When the oxygen consumption is measured at shorter intervals, 
it is found that there is an increase of about 25 per cent during the first 
18 minutes. It may be that the enormous increase in oxygen consump- 
tion by the Arbacia eggs following fertilization is exceptional. It 
certainly is out of harmony with conditions found by Loeb in the starfish 
eggs and in Nereis as reported above. Figures for the oxygen consump- 
tion of Asterias eggs before and after fertilization are given by Pei-Sung 
Tang, who repeated the experiments of Loeb and Wasteneys: 



Immature 

Mature 

Fertilized 

Cubic millimeters of oxygen per hour 
per 1,000,000 eggs 

168 

170 

167 



An egg cell respires much more rapidly than a sperm cell, probably 
from 400 to 600 times as vigorously, ’^ether the hydrogen-ion concen- 
tration of the water is a controlling factor for 'the egg cell has not been 
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determined, but Cohn has shown that for the spermatozoon the hydrogen- 
ion concentration is a controlling factor. Spermatozoa show very little 
acti\nty and have very little fertilizing power in an even slightly acid 
medium, while in a neutral medium their activity and fertilizing power 
are increased and come to a maximum in a solution with a slightly 
alkaline reaction. (For a statement in regard to the oxidative processes 
of egg cells before, during, and follmiving fertilization see the chapter on 
Reproduction.) 

The eggs of the sea urchin and Nereis are insensitive to anaerobiosis 
for as long as o hours. Those of starfish are more sensitive to lack; of 
oxygen. The sperm of sea urchin are very sensitive to anaerobiosis; 
those of starfish are less sensitive. The sperm of Nereis can be kept as 
long as 5 hours in anaerobic conditions without any injury of their 
fertilizing power. Fertilization of Nereis eggs can be started when both 
eggs and sperm have been kept in anaerobiosis for 5 hours. The fertili- 
zation process is stopped with the formation of the fertilization cone. No 
nuclear changes are seen. Fertilization is started in sea urchin and star- 
fish eggs when fresh sperm are used. The process stops with the forma- 
tion of the fertilization membrane. 

Oxygen Consumption during Development.— A comparison of the 
rates of oxygen consumption of unfertilized and fertilized eggs of Fundulus 
heterocKtus shows that the oxygen consumption is greatly increased after 
fertilization. The increased rate comes to a maximum in from 60 to 
90 minutes after the addition of the sperm and just before the first cleav- 
age. The oxygen consumption then falls to a level nearly identical with 
that of the unfertilized eggs. 

The rate at which oxidative processes take place in developing 
embryos has been studied for the eggs of Fundulus, the common minn ow, 
by Scott and Kellicott. They found that during the early stages of 
development, cleavage, embryo formation, etc., the hourly consumption 
of oxygen is less than 0.10 cc. per 1000 eggs. At the time the circulation 
is established in the embryo, there is a marked rise in the rate of oxygen 
consumption. From this time on, the rate of consumption of oxygen 
remains at a practically constant value, though with a somewhat upward 
trend, until shortly before the time of hatching. About 80 cc. of oxygen 
are consumed by 1000 eggs up to hatching. At the time when the young 
fish leave the egg membranes, the rate rises to about 0.7 cc. per hour per 
1000 embryos and increases steadily to 1.75 cc. per 1000 embryos per 
hour at 6 days after hatching. By this time the most of the food yolk 
carried by the embryo is consumed, and the rate of oxygen consumption 
fails off very rapidly. ; ^ ^ 

The amount of active protoplasm involved in the oxidative work is 
at the beginning very small. : Scott and Kellicott investigated this point. 
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using the eggs of Fundulus during the early cleavages, and determined 
the presence of 0.12 cc. protoplasm and 2.65 cc. yolk material, together 
weighing approximately 2.9 g. per 1000 eggs. At 6 days after hatching, 
the 1000 larvae weigh approximately 1.8 g., nearly all of which consists 
of differentiated tissues. There is thus a loss of 1.1 g., or about 38 per 
cent of the original weight of the protoplasm and yolk. In effecting this 
transformation about 270 cc. of oxygen are consumed, or a little more 
than 0.25 cc. per egg. 

The Flow of Oxygen through the Respiratory Epithelium. — ^The role 
played by the respiratory epithelium in the matter of oxygen intake has 
been a matter of controversy for many years. Two main views have 
been held by physiologists: (1) that the oxygen passed through the 
membrane from regions of higher to lower concentration, just as in 
the diffusion of other substances through animal membranes; and 
(2) that the oxygen is transferred through the membrane from one side 
to the other by a definite secretory process involving the expenditure of 
energy upon the part of the cells composing the membrane. 

During recent years the work of Krogh appears to show that in the 
resting rabbit diffusion alone will account for the transfer of oxygen from 
the alveoli of the lung to the blood. On the other hand, Haldane and 
those associated with him have taken the view that secretion upon the 
part of the cells is only brought into play when there is some special need 
for oxygen on the part of the organism. In order to test the correctness 
of this latter point, Barcroft and a number of associates have made a 
very carefully designed and performed series of experiments. Without 
going at all into a discussion of the manner in which the experiments 
were performed, it may be said that they appear to have substantiated 
the view that diffusion alone accounts for the passage of oxygen through 
the alveolar membrane. From the figures which these investigators 
obtained in the experiments, they were able to calculate the diffusion 
constant for the hings of the subject under examination. The diffusion 
constant is here defined as the number of cubic centimeters of oxygen 
which pass from the pulmonary alveoli into the blood for each millimeter 
of pressure difference between the two. This constant was found to 
have a value of about 100. 

It is only fair to say that there is a certain amount of evidence pointing 
in the other directions. Spallita made an investigation of the gas 
exchange taking place in the lung of the turtle. In doing this he analyzed 
the bronchopulmonary air and compared it with the gases of the blood. 
In some cases a portion of the lung was shut off from the external air for 
a time and then analyses made of the air contained within the tissue. 
In other experiments carbon dioxide was injected into a lung, and after a 
time the residual air was analyzed. . The results obtained were held to 
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indicate that the gas exchange taking place in the Inng cannot be solely 
accounted for by the laws of diffusion. In the excretion of carbon dioxide 
the process is purely physical, but in the absorption of oxygen specific 
activities come into play, which are to a certain extent independent of 

the laws of diffusion. 

Relation of the Hydrogen Ion to Respiration. — -It has been shown 
that in a ver^' large number of animals the control of the respiratory 
movements is through the hydrogen-ion concentration of the blood. 
The details of the mechanisms will not be discussed at this point. It is 
desired here to call attention to the fact that the hydrogen-ion concen- 
tration may have something to do with the ability of the cells to absorb 
and utilize oxygen and to give off carbon dioxide. As an example of this 
Cohn has shown that spermatozoa of the starfish and sea urchin are 
very active in slightly alkaline sea water and that they move slowly 
if at all in w^ater which is less alkaline. These movements of the sper- 
matozoa involve the use of oxygen or are at least accompanied by an 
increased use of oxygen and an increased output of carbon dioxide. 
Cohn has also shown that decreased oxygen consumption means longer 
life for the spermatozoa. It would seem as if there is here a very direct 
relationship between the hydrogen-ion concentration and the use of 
oxygen by living cells. 

The same sort of relationship has been shown for the eggs of the sea 
urchin by Warburg, concerning which he states that oxidations in the 
eggs are stimulated by a decrease in the hydrogen-ion concentration and 
inhibited by an increase in the hydrogen-ion concentration. 

Another example w-hich may have some force at this point is that of 
regenerative processes as described by Loeb in Tubularia. In these 
forms, regeneration is accelerated by the presence of alkali and retarded 
by the presence of acid. It would seem likely that the acceleration or 
retardation of the regenerative processes might really be due to an 
increased or decreased use of oxygen by the cells. 

The significance of the hydrogen-ion concentration of the blood, as 
far as the respiratory movements are concerned, would then seem to 
be for maintaining in the body the proper concentration of hydrogen 
ions which would allow cellular gas exchanges to take place at their 
optimum rate and in their optimum manner. Doubt still exists as to 
the mechanism involved in the control of oxygen use by the cells. It is, 
of course, possible that a slight variation in the hydrogen-ion concen- 
tration suffices to modify the permeability of the cell membranes for 
oxygen, or it may be that some other substance of the cell is affected. 


CHAPTER X 

ENZYMES AND DIGESTION 


A. CATALYTIC ACTIONS OF ANIMALS 

: The animal body is the scene of" many chemical changes, , Tliese^ 
changes are of a sort that would go on outside the animal at a very 
much slower rate than they do inside. Chemists have found that many 
chemical actions may be accelerated by causing the reaction to take 
place in the presence, or under the influence, of some other substance 
called a catalyzer. In order to lay a proper foundation for what may be 
said about the catal 3 rtic actions which occur in the living animal, some 
inquiry into the nature of catal37tic actions in general must be made. 

Bayliss^s Mechanical Scheme of Catalysis, — Bayliss^ has given a 
mechanical scheme of catalytic action which will help to make clear 
some of the features of such action. 

If a brass weight of, say, 500 grams be placed at the top of an inclined plane 
of polished plate glass, it will be possible to find a slope of the plane such that 
the weight will slowly slide down. This represents any action taking time to 
complete. If, now, the bottom of the weight be oiled (oil equals catalyst) the 
rate of its fall will be greatly increased. We see that, in either case, the weight, 
if placed at the top of the plane, does not remain there, but, sooner or later, 
reaches the bottom. It may, however, be kept at the top by some sort of catch 
or trigger arrangement, in which case it will remain there indefinitely until the 
catch is released. The amount of energy lost by the weight in its fall, being the 
product of its weight and the vertical height from which it has fallen, is in no 
way affected by the work required to move the obstacle preventing its fall, nor 
is the rate at which it falls when set free. 

Although the work done by our sliding weight is in no way affected by the 
amount of catalyst (oil) used, the rate of fall is, within limits, directly propor- 
tional to it, and this is a property of catalysts in general. 

It cannot be expected that a rough model of this kind would show all the 
characteristics of catalytic phenomena, but there are two instructive points 
shown by it in addition to those already spoken of. The first is the disappear- 
ance of the catalyst by sticking to the glass as the weight slides down. An 
analogous phenomenon is often met with in catalytic processes, as will be seen 
later. The second point is one of importance with regard to certain en 2 ;yme 
actions; it consists in the fact that, although the presence of the catalyst neither 
adds to, nor subtracts from, the total energy change in the reaction, the form 

^Used by permi«on of Longmans, Green Ojmpany. ^ , 
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of this energy may be altered. Wben the weight falls slowly by itself, nearly 
the w’hoie of the energy appears as heat due to friction along the glass plane, 
so that the weight arri¥es at the bottom with very, little kinetic energy; on the 
contrary, when oiled, nearly the whole of the energy, is present in the weight at 
the end of its fail as kinetic energy, very little friction having been met with 
in its descent. We may notice, also, comparing the ef ects of different amounts 
of oil, that small amounts produce a much more .marked result than the sub- 
sequent addition of further" quantities. This is also characteristic of enzymes. 

From what has been said, it follows that a catalyst is merely capable of chang- 
ing the rate of reaction already in progress. In opposition to this it may reason- 
ably be said that a reaction does sometimes seem to be initiated. The friction 
between the weight and the glass plane may be sufficiently great to prevent move- 
ment altogether, until oil is appKed. But the use of the term friction implies the 
idea of movement and the existence of forces tending to produce it. One may 
suppose that the weight actually does move for an infinitesimal distance, but it is 
at once arrested by the resistance encountered. From this point of view the 
definition of a catalyst would be expressed somewhat thus: A substance which 
changes the rate of a reaction which is actually in progress, or which is capable 
of proceeding without any supply of energy from without if certain resisting 
influences are removed. The difference between diminution of friction by oil 
and the removal of a catch is that in the former case the action is continuous 
throughout the fall of the weight whereas in the latter case the action is only 
momentary, at the commencement of the fall, on the rate of which it has no fur- 
ther effect. 

Characteristics of Catalysts. — Catalytic agents, in general, present 
certain other peculiarities which should receive mention: 

L They do not appear chemically combined with the end products 
of the reaction and, unless destroyed by some subsidiary reaction, appear 
unchanged at the end. 

2. If unlimited time be allowed, the effect of a small quantity of a 
catalyst will be the same as that of a larger quantity. 

3. The amount of change produced in a unit of time by a catalyzer 
is, within limits, proportional to the amount of the catalyzer present. 
In certain cases it has been shown that an exceedingly small amount of 
the catalyst is able to bring about perceptible change. 

Mode of Action of Catalysts. — ^There is some doubt as to the exact 
way in which catalyzers bring about accelerations of chemical reactions. 
In certain cases it appeam true that intermediate compounds are formed, 
i.e., compounds are formed between the catalyst and the components 
of the 'reacting system. Such compounds are of great instabilty and 
suffer rapid decomposition, with 'thO' separation of the products of the 
reaction and the reappearance 'of the catalyzer. ^ 

In certain other cases increased''' rate of change appears to be due to 
the' fact that the molecules of'-the' reacting substances are condensed — ^ 
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adsorbed — upon the molecules of the catalyzer and so are brought into 
exceedingly close relations with each other. In such situations of 
increased concentration, reactions between the molecules take place at an 
accelerated rate, and when the adsorbed molecules of one set have 
reacted upon each other, the molecules of the catalyzer are freed and are 
again able to adsorb others. 

Balanced Actions. — There is a very large group of chemical reactions 
in which not all of the reacting substances present are changed, but there 
is found, even after a considerable lapse of time, a condition of equilib- 
rium between the reacting substances and the end product of the reac- 
tion. At the same time in the mixture synthetic and hydrolytic processes 
are taking place. When these two sets of processes have continued 
to the point where there is a constant ratio existing between the syn- 
thetic and hydrolytic operations, or between the relative amounts of 
reacting substances and end product, the reaction may be called balanced. 
Sometimes the point of equilibrium is so located as to indicate veiy 
clearly that both the reacting substances and end product are present in 
definite and determinable proportions; sometimes the equilibrium point is 
so shifted to one side as to make it a question of doubt whether such an 
equilibrium really exists. The position of the equilibrium point may be 
taken as an indication of the relative rates at which the hydrol 3 rtic and 
S3mthetic operations take place. 

It will now appear that if such a balanced reaction is accelerated by 
a catalyzer, both the synthetic and hydroljdiic processes must be acceler- 
ated or the equilibrium point will be shifted. 

Enzymes as Catalysts. — ^The effects of the action of some of the 
organic catalysts have been known for a very long time, but it is only 
within comparatively recent years that the significance of the relation 
between the living cells, the catal 3 d)ic substances produced by them, and 
the reactions for which they seem to be responsible have come to be 
understood. 

As far back as 1830, Dubrunfaut prepared an extract of malt which 
had the power to convert starch into sugar. Three years later there was 
precipitated from such an extract, by means of alcohol, a substance 
which could be dried and preserved and which had a powerful effect 
upon starch. This substance was termed diastase. 

As more and more of such substances were found they were spoken of 
by the generic term of fermenis on account of the similarity of their action 
to that of alcoholic fermentation. In the time of Pasteur, it was held that 
ferments could be divided into two general classes, the organized and the 
unorganized, the former being such substances as the yeast plant, 
bacteria, etc., which were supposed to carry on their peculiar activities by 
virtue of the fact that they were living .ceU$, and the latter, the unorgan- 
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ized ferments, were such substances as pepsin, trypsin, 'etc.,- which were 
known to do their work apart from the cells by which they had been 
produced. 

Although some physiologists recognized the possibility that organized 
ferments might owe , their properties to the presence within, them, of 
soluble ferments, the double use of the word gave rise to some confusion, 
and Ktihne (1878) suggested that the name enzyme {hv ^v}xri) be used to 
designate the chemical bodies either within or without the living cells 
which are the active agents in bringing about the observed changes. 
The terms biochemical catalyst and biocaialyst have also been applied 
to these substances. Neither of the latter terms has been generally 
accepted, so the use of the term enzyme will be continued. 

An enz 3 rme may now be defined as a catalyzer produced by a living 
organism. It may be possible at some time to synthesize such bodies in 
the laboratory, although it has not yet been done. If such a body is 
produced, it will, of course, have a right to the same name. 

Yeast Fermentation* — It has for a very long time been known that 
when fruit juices or solutions containing sugar are exposed to the air a 
change called fermentation takes place in the liquid. This change is 
accompanied by a turbidity of the liquid, by a change in taste from sweet 
to sharp, usually by a change in odor, and by an effervescence due to the 
production of a gas within the liquid. The change which takes place 
here is a splitting of the sugar and the formation of carbon dioxide and 
alcohol. The brilliant researches of Louis Pasteur have made poasible 
the present understanding of the changes involved in fermentation. 
The change is brought about by the agency of very minute plant cells, 
the saccharomyces. These are the yeast fungi and are found at almost 
all times floating in the atmosphere, so that, when exposed, solutions of 
sugar are very likely to become contaminated by them. Under proper 
conditions they grow rapidly and reproduce by budding. For many 
years it was believed very generally by biologists that yeast fermenta- 
tion, and other fermentations as well, occurred because of the activity 
of the living protoplasm of the cells. 

Endoenzymes, Ectoeazymes. — ^^Understanding of the real nature of 
fermentative action was greatly advanced when Buchner (1897) attacked 
the problem of yeast fermentation. He was the first to succeed in 
extracting from the yeast plants a substance, to which he gave the name 
■ which does the same work in the fermentation of sugar as is done 

by the unbroken yeast plants. The discovery of zymase and the facts 
concerning digestion in the protozoa and lower metazoa led to a modifi- 
cation of the original classification of ferments, dividing them into two 
classes: the endomzymes^ wMch arn'intracellular (yeast, bacteria, etc,); 
and'S^enzpwet, which are extracellular (pepsin, tryprin, lipase, etc.). 
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: This classificatioa is based upoa the fact that while all, or at any rate 
a' very large proportion, of the chemical operations carried on by a Imng 
organism are to be conceived of as being the result of enzyme action, 
certain, of these, enzymes act only within the cells by which they' are pro- 
duced, while others formed as zymogens (inactive proenzymes) within 
the cells actually do their characteristic work outside of the cells pro- 
ducing them. The endoenzymes are, of course, the more difficult to 
obtain separate from the other substances of the living ceils. The ecto- 
enzymes are secreted by special cellular groups, termed glands, and 
frequently can be easily obtained by collecting the secretion of the gland, 
while in other cases it may be necessary to make extracts of the glands 
or even of whole organisms in order to obtain the enzymes. Water is 
apparently the only universal solvent for enzymes. Dilute glycerine is 
frequently used for extracting the active substances from gland cells, in 
which case the water acts as the solvent of the enzyme, and the glycerine 
acts as a preservative. 

Hydrolysis, — A very large number of enzyme actions, particularly 
those concerned in the processes of digestion, are known as hydrolyses, 
or hydrolytic actions. By this is meant that, under the action of the 
enzyme, there is added, to the molecule acted upon, a molecule of water, 
and then this combined molecule is separated into two portions which 
may or may not be of equal size. In some of the carbohydrates the 
cleavage products are equal in their molecular size; among protein 
molecules the hydrolytic cleavage products are undoubtedly unequal in 
size. In this case one or both of the cleavage products may again be 
combined with a molecule of water and the process of splitting repeated. 
This will continue until the proteins have been split to certain simple 
forms, the amino acids. When this stage is reached, protein digestion 
is said to be complete. 

Characteristics of Enzymes Like Those of Catalysts. — A study of 
enzymes and enzyme activities has shown that these substances have 
much in common with the group of substances spoken of by chemists 
as catalyzers: 

1. They accelerate (but do not initiate) chemical reactions. 

2. They do not appear chemically combined with the end products 
of the reaction. It sometimes occurs that a smaller or larger portion of 
the enzyme present at the beginning of a reaction is destroyed before the 
reaction is completed. This, however, does not vitiate the statement 
Just made. 

3. A small amount of an enzyme, given a sufficient time, is Just as 
effective in bringing about chemical change as a larger amount. 

4. Exceedingly small amounts of’ enzymes suffice to bring about 
measurable reactions. For example^;,-; invertase is able to hydrolyze 
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200,000 times its weight of saccharose; rennet is abie^to clot 400,000 times 
its weight of caseinogen in milk, etc.- 

5. In general, the reactions . catalyzed 'by enzymes are reversible 
reactions. It is a matter of importance, therefore,, to know, that, those 
enzymes which are known to accelerate a decomposition process also 
accelerate the corresponding synthetic process. 

The Chemical Nature of Enzymes.— Much effort has been, -expended 
in m attempt to decide as to the che'mical natnre.of these, very interesting, 
and important substances. Some have held that some of the enzymes 
have given protein reactions, and. so .have contended, for a: p.rotein com-' 
position of such substances. Others have seemed to find evidence Of a 
double structure of enz 3 anes, such m a combination of a protein and a 
carbohydrate, or a combination of some colloid of unknown composition 
with an active principle, or as a combination of a polypeptide and a 
carbohydrate. The fact that most enzymes have a very small nitrogen 
content speaks against the idea that they are protein in character, either 
wholly or in part. It also seems evident that not all enzymes have the 
same composition, and it may be that they belong to a class of substances 
as yet unknown to chemistry, containing both nitrogen and carbohydrate 
in their molecules. 

Since 1897 Bertrand has advocated a view of the double constitution 
of enzymes, Bayliss quotes his statement as follows: 

One of the constituents is capable of producing to a slight degree, on its own 
account, the chemical reaction associated with the particular enzyme in question, 
but requires its activity to be augmented by the presence of another substance, 
inactive in itself, before its action becomes appreciable. The fonner, according 
to the case, consists of acid, alkali, calcium or magnesium salt, etc* The latter 
component is a more complex substance, often similar to egg albumen and col- 
loidal in character. 

Freshly precipitated Ai(OH )3 can be used as an adsorbent of the 
active principle of pepsin, and the enzyme may then be readily liberated 
by solution in dilute HCL An even more active preparation can be 
obtained by precipitating the pepsin with safranine and removing the 
latter with isoamyl alcohol. With increasing degree of purity the 
resemblance of the composition of the product to typical simple proteins 
decreaBes. From the hydrolysis of purified pepsin are obtained tyrosine, 
proEne* glutamic acid, aspartic acid, lysine, histidine, and infinitesimal 
traces of purine bases. The isoelectric point of purified pepsin is pH 2.5. 

’ ■ The conductivity and hydrogen4on concentration of 0.4 per cent pepBm 
■ solution in 0.2 per cent HCJl deerea^ when incubated at 37® for some time. 

= Pepsin is rapidly inactivated -in aolutibna of moderately low pH by ethyl 
,,,, alcohol-^ther mixtures*'" 
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Tlie 'Problem of the chemical nature of enzjymeS' has been attacked 
through ; studies of pancreatic, and malt amylases. Pancreatic amy- 
: lase is ' found to be of ^ a protein nature. This, material has digested 
4,000,000 times its weight of starch and formed 2,800,000 times its 
weight of maltose. This great en^symic activity was shown at a dilution 
of 1 :100, 000,000, whereas the most delicate tests for protein are probably 
not valid at dilutions greater than about 1:100,000. Thus the failure 
of protein reactions in solutions enzymically active does not necessarily 
show that the enasyme is of other than protein nature, since, as in this 
case, the enzymic activity may constitute a test a thousand-fold more 
delicate than any reaction employed as a test of protein material. 

General Properties of Enzymes. — ^All enzymes appear to be colloidal 
in character and thus exhibit the following characteristics common to 
colloids: very slow diffusion through parchment; the development of 
enormous surface through their particulate condition and the resulting 
exhibition of surface tension, adsorption, etc.; low osmotic pressure; 
hysteresis, f.c., a loss of activity due to some unexplained spontaneous 
molecular change; electrical charges of the colloidal particles; etc. 

Most of the enzymes are soluble in water or salt solutions and in 
glycerine. This fact is made use of in making extracts of the various 
enzyme-containing tissues. There are certain cases, however, in which 
such extracts cannot easily be made, especially of the endoenzymes, in 
which the enzyme may be either insoluble or may be destroyed in the 
process of extraction from the cells in which it is produced. In such 
cases the juice must be expressed from the tissues by heavy pressures. 

The statement has been generally made that enzymes are destroyed by 
heating to comparatively low temperatures (60 to 80^0.) and that their 
working properties are impaired at much lower temperature. In some 
instances it has been stated that enzymes have suffered loss of power 
even at the freezing point of water. Whether such loss of power is due 
to the effect of the temperature or to some other factor appears still to 
be a matter of question. Bayliss expresses the view that this tempera- 
ture destruction may be due to some change in the other component of 
the colloidal system of which the enzyme forms a part. Some enzymes 
have been found, under certain conditions, to withstand the temperature 
of boiling water. It must, therefore, appear that this heat destruction 
cannot be accepted as a property applying to all enzymes alike. 

Enzymes generally are 'precipitated from their solutions by alcohol, 
and this fact is made use of in the preparation of purified enzymes. They 
are also carried down as precipitates from solutions, wholly or in part. 

For each enzyme there is an optimum temperature at which it does its 
best work. As is well known, chemical processes are, for the most part, 
doubled or trebled in rate by a rise in temperature of 10®C. For many of 
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the enzymes this rule appears to .hold good between the freezing point 
of water and 40 or 50®. In most cases the activity , .of the enzyme is 
greatly reduced above 50®, and as the temperature rises,, the. decrease in' 
activity becomes more and more evident. 

Most enzymes are very accurately adapted to the reaction of the medium 
in which they occur, or in which they are active, in nature. , ■ For example,, 
pepsin acts to best advantage in combination with ,an acid. , It does, not 
digest protein, but the chloride of the protein; the products of the diges- 
tion are also chlorides. The amount of acid needed to change the free 
proteins and peptones into chlorides is not enough — an excess is required. 
The optimum amount of acid for peptic digestion is about that of N/10 
solution of hydrochloric acid. 

Zymogens or Preferments. — ^Many of the enzymes are formed by 
the secreting cells of the animal body in an inactive form called a zymogen^ 
which may at the proper time and under the proper conditions be trans- 
formed into an active enzyme. These zymogens frequently appear in 
the gland or other secreting cells as small, rounded, or irregularly shaped 
granules. The granules appear to originate in the cytoplasm of the 
secreting cell near the nucleus, and in many cases become so abundant 
in the cell as to engorge the protoplasm with a coarsely granular mass 
which may become so dense as to obscure the nucleus. It seems likely 
that the operation of forming the granules of the cell is a progressive 
one. The granules near the margin of the cell frequently exhibit different 
staining actions from those nearer the nucleus, and they are larger in 
size. When the time for the elimination of the granules from the cells 


Zymogen 

Proptyalin 

Propepsin 

Protrypsin 

Prorennase 

Prolipase 

Proglycogenase 


Activator 
Orokinase 
Hydrochloric acid 
Enterokinase and calcium 
Calcium salts 
Bile salts 

Hormone from pancreas 


Enzyme 

Ptyalin 

Pepsin 

Trypsin 

Bennase 

Lipase 

Giycogenase 


approaches, the granules often swell and undergo other changes, the 
nature of which is not known. Sometimes the granules are not exten- 
sively modified until after they are extruded from the bounds of the cell, 
when they are acted upon by other agents. It should not be thought, 
because of the above account, that all cellular secretions are of this inac- 
tive zymogenic form. All of the enzymes which act upon the di- and 
■'polysaccharids, with the possible exception of the glycolytic enzyme of the 
muscles,’ are thrown off from the '''secreting cells in the active form., The 
■same is true of erepsin andihe ziwfeases. The fact that such important 
.substances as the enzymes are produced in an inactive form makes it 
necessary for the animal to elal^rate some method 'by which these inac- 
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, ti¥e .substances . may ■ be rendered active. . The method , employed is the 
production of some substance/ an by the body, which will acti- 

vate' the zymogens. Examples' of this physiological principle, are shown 
in tabular form in the list on page 302, which names the inactive 
substance,, its activator, and the active product in several instances. 

Coenzymes. — It has been shown in several instances that the activity 
of an enzyme may be greatly increased by the presence of some other 
substance termed a coenzyme. Such actions may be reversible. Exam- 
ples are: laccase, w^hose activity is increased by manganese in small 
amounts; pectase whose activity is increased by calcium salts; liver 
lipase, by bile salts, sodium cholate, and sodium glycocholate; and 
zymase by disodium phosphate. 

Immunity of Living Cells to Proteolytic Action. — Suspensions of 
living and dead yeast cells, Bacillus coli, earthworms {Lumhricus ter- 
restris), Euglena, fundulus, meal worms (Tenehrio moUtor), and goldiSsh 
{Carassius auratus) were made by Northrop in dilute pepsin or trypsin 
solutions and the amount of enzyme removed by the organisms deter- 
mined. In every case the dead organisms remove large quantities of 
enzyme from the solutions, whereas living organisms are entirely inert 
and cause no change in the concentration of the enzymes. The enzymes 
are, therefore, unable to enter the living cell, and it seems probable that 
the resistance of living organisms to digestion by proteolytic enzymes 
is due simply to this fact. This conclusion is borne out by the injection 
of enzyme solutions into an amoeba by means of Chamberses microinjec- 
tion apparatus. The injection of active enzyme solutions results in 
the death and disintegration of the amoeba, whereas injection of the 
same quantity of inactive enzyme solutions results merely in the forma- 
tion and pinching off of a blister. 

Zymogens in Protozoa. — The tryptic enzymes of both protozoa and 
metazoa are formed in the cells in inactive forms known as zymogens. 
In the protozoa granules appear in the cytoplasm, ^vhich become closely 
attached to the walls of the digestive vacuoles. These granules have 
nothing to do with the killing of the food taken into the digestive vacuoles, 
since they are frequently found to enter vacuoles in which the ingested 
organisms are already dead. 

There are two w’'ell-defined periods in the digestion of food matters 
in the digestive vacuoles of the protozoa. The first is characterized 
by an acid reaction and may be considered the period of killing. During 
this period the granules just mentioned maxnta.in their original firm 
consistency. 

During the second period, which immediately succeeds the first, there 
is a change to an alkaline reaction,' the granules swell and finally (fissolve 
in the liquid contained within the vacuole. It appears very probable 
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that the digestive capacity of the vacuolar liquid during, the second period 
is a function of the dissolved granules. , ' That' is, the granules are the 
carriers of the tryptic enzyme. If this, is true,; it would then seem likely 
that the granules really form a preliminary stage (zymogen) of the tryptic 
enzyme, and the acid secretion serves the purpose of changing the inactive 
zymogen into the active ferment. In favor of this idea, it, may be said 
that in Colpidium it has been noticed that, so long as the reaction of the 
liquid of the vacuoles is acid to neutral red, there is no evidence of diges- 
tion, but as soon as the indicator shows an alkaline reaction, digestion 
begins. Also it appears true in Paramecium that digestion of finely 
divided egg yolk does not take place so long as the reaction of the food 
vacuoles is acid, but begins at once when the reaction becomes alkaline 
and continues to completion in the alkaline reaction. W neutral 
red as an indicator this can easily be tested. 

B. THE WORK OF HIOESTIOK 

The materials commonly used for food have very large molecules; 
usually they are colloidal in character. The colloidal nature of the 
substances or the size of the molecules renders diffusion through the cell 
membrane very slow or impossible. It is the purpose of the digestive 
process, then, to break up the large molecules or particles of the food 
substances into smaller molecules of sorts that can be readily diffused 
through the membranes of the ceils of the digestive tract and so become 
available for the various organs of the animal body. So, proteins are 
broken down to amino acids, starches and sugars to maltose, and fats 
to fatty acid and glycerine. 

The substances responsible for this work are the digestive enzymes, 
which are secreted by the protoplasm of all unicellular animals and by 
special gland cells of the digestive tracts of the higher animals. 

Intracellular Digestion. — In most animals the work of digestion is 
accomplished in the interior of certain organs which have been formed 
from differentiated tissues. In the interior of these organs the food is 
subjected to the action of the digestive juices which contain the different 
ferments or enzymes capable of dissolving the nutritious substances, 
particularly the albuminous matters, and thus rendering them capable 
of diffusing through the ceE membranes. This type of digestion is 
ordinarily spoken of ss extracellular digestion. It is this type of digestion 
which has been studied by Pavlov and his followers — a whole host of 
physiological investigators^ — ^who have succeeded in obtaining from 
various portions of the digestive tract pure digestive juices and have 
observed their action in vitro; ' , v,; ~ 

There is in the animal Hngdom-. another type of digestion, the intra-^ 
cellular ^digestion, which 'k SMscoiapfished within the limits of a 'single 
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cell. Classic: examples of this type are found among the protozoa and 
eoelenterates, and' it .will be found, that it also . occurs in other groups as 
well, : . The higher invertebrates and all vertebrates still possess, in spite 
of their remarkable 'differentiation and specialization, certain cells which 
have' conserved their power of intracellular digestion. These cells, called 
phago€ytes^ envelop bacteria or other foreign cells, which they find in the 
blood or lymph, and destroy them. 

, . In view of the great interest .which has been developed in theories 
of immunity which depend upon the activity of the phagocytic cells of 
animal bodies, it is easy to see how important becomes a knowledge of 
the principles which underlie intracellular digestion. How are these 
processes carried on in cells which are able to ingest nutritive elements? 
Can these cells be analogous to cells of the digestive tube of higher 
animals? Do they possess ferments or enzymes analogous to those 
wMeh are found operative in the digestive processes of the higher animals? 
What conditions influence the processes of intracellular digestion? Are 
such cells capable of choosing their food and of distinguishing between 
that which is indigestible or toxic and that which is digestible and nutri- 
tious? These questions are of immense practical and theoretical interest. 

Character of Food Supply Demanded. — comparative study of the 
processes of nutrition as they occur among the protozoa and metazoa 
leads to a determination of the food habits of the animals, the classes 
of food substances upon which they live, and the way in which the 
animals proceed to utilize the different classes of food substances. It 
is found that solid food materials appear to be necessary to the organisms 
of these classes, with the exception of certain flagellate protozoa — which 
at times carry on a sort of plant-like emstence — parasitic forms, and the 
Suctoria, which take only the liquid substances from the protozoans 
which they attack. 

It is very generally held that the three great classes of foodstuffs 
commonly demanded by the higher organisms — the proteins, the carbo- 
hydrates, and the fats— are essential to the well-being of animals of all 
the different animal groups. 

It does appear true that in surveying the animal series there is a 
difference in the degree to w^hieh certain of the food clasvses are employed. 
Among the lower forms, proteins are taken almost exclusively, and in 
these forms proteolysis is the most important enzyme action. Higher up 
in the animal scale the carbohydrates and the fats are utilized to a greater 
degree, and in the forms using them there is to be found an increasing 
emphasis upon the enzymes having amylolytic and lipolytic powers. 

Peptic Digestion. — Biedermann is authority for the statement that,' 
among the invertebrates generally protein digestion is of the tryptic type. 
As has already been pointed out, there is good evidence of the existence 
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of ootii. tryptie and peptic enzymes in all of .the chief animal groups (with 
.the possiMe', exception of the protozoa)— though, possibly .not in all 
, .'species. . . The , conditions existing in the different forms/. the acid 
reaction of the food vacuoles in ■ the . protozoa, clearly , indicate .that 
peptic digestion would be possible if the enzyme were available. The 
fact that evidence of the existence of such an enzyme has been found 
in some forms, while not proof, is a strong indication that such might be 
expected in other forms as well. 

The course of digestion of proteins in the higher animal forms is very 
well known, and there is no reason to doubt that the same general 
course is followed in the digestion of the proteins by the animals lovrer in 
the animal scale. 

The proteins are exceedingly complex substances, as has been pre- 
\dously pointed out, and are built up of amino acids combined together 
in various ways. Under the influence of pepsin in an acid medium, 
these complex substances having molecules with molecular weights of 
5000 or more are changed, first, to acid albumin, then hydrolytically 
split to primary and secondary proteoses with molecular weights of 
2500 to 3200, and then to peptones with molecular weights ranging 
from 250 to 400. Authorities differ as to the percentage amount of the 
protein which may be transformed into peptones while the food is 
under the influence of the pepsin, the estimate going as high as from 50 
to 57 per cent. The work of protein digestion is incomplete, however, 
although the food is being acted upon by the pepsin (in the stomach of 
higher form>s). The products of peptic activity are handed over to the 
intestine for the further action of trypsin and of erepsin in those forms in 
which it occurs. In order that peptic digestion be effective the acidity 
must be at least pH 2.5, and the acid reaction must be due to free HCL 
The acids of lemon juice, etc., cannot be substituted. 

Digestion by Trypsin and Erepsin. — ^Trypsin is an enzyme which 
acts in an alkaline medium upon all forms of protein which have been 
received into the intestine and reduces them to simpler forms. There 
has been a great deal of discussion as to the actual extent to which tryptic 
digestion may split the proteins. It has been believed that the proteoses 
and peptones were the end products, but it is now very generally held 
that the digestion proceeds to the formation of the relatively simple 
monoamino and diamino acids. The digestion does not take place in 
an explosive fashion, but gradually, more as if in the nature of an erosion; 
as the amino acids are split off from the larger part of the molecule, 
there is eontiauous absorption of The amino acids wherever these come 
into oontact with thp^ absorbing, surface of the intestine. This results in 
there being oiaiy a very small 'amount of amino acid in the intestine at 
anyone time. And'althougkthopi^^s of digestion is to be considered a ^ 
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gradual oae, it is not to,,be.:tiiougM^ slow one. Jaiiney has shown that 
. the time required for" an organism to' effecf^digestion of the complex pro- 
tein .molecule into its .constituent amino acids and to riietabolize them 
further is but a little longer than the time required for the absorption and 
elimination of dextrose. Van Slyke has also shown that absorption 
begins as soon as the food material has passed the pylorus into the intes- 
tine. Ringer has shown that pH 11.3 is. the optimum for the tr}q)tic 
digestion of fibrin. This is near .the'; optimum for the swelling of fibrin 
(pH 12.5). These pH values have ■ bee.n. confirmed by Vonk and Hc 3 m 
in experiments in which the time 'of - reaction was short. If the time of 
reaction was extended to several hours, ■ these optima co.ntinued, but 
additional optima appeared at pH 7.5 to 8.0. 

. Erepsin occurs in both pancreatic Juice and iiitestinai iuice,,.of 
.mats. The, ,wo.rk of t.he erepsin is- to be considered as supplemental 
to that of the trypsin. W.hile trypsin is able to wmrk upon molecules as 
"complex as proteins, the- erepsin is able to attack simpler substances only, 
the proteoses, peptones, and peptides. These it splits into, amino acids. 
It appears probable that the end- result in the ease of . erepsin is more 
uniformly amino. acidS' than is the end result of the action of trypsin. To 
this extent the erepsin is the more effective ferment. It has its optimum 
action at pH 7.8. Indications are not lacking that intestinal erepsin may 
be more than a single enzyme. One component of what has been called 
erepsin has its optimum activity at pH 7.3, is very unstable in aqueous 
solution, and is destroyed rather rapidly in 53 per cent glycerine at 
The second component has its optimum activity at pH 8.1, is 
more stable, and keeps well in an ice chamber. 

Recently Waldschmidt-Leitz of Willstatter^s school has piesented 
the idea that because of the great complexity of the protein molecule, 
held together by four kinds of bonds, four different enzymes must be 
required to bring about complete protein digestion. 

Hydrogen-ion Concentration Favorable for Digestion.— Various 
investigators have studied the hydrogen-ion concentrations which are 
favorable for the activity of the different digestive enzymes and have 
attempted to correlate their findings with the hydrogen-ion concentra- 
tions found in different portions of the 'digestive tract. These investiga- 
tors have employed different methods, some of which are Justly subject 
to criticism and, as a result, have arrived 'at conclusions which are far 
from agreement. McClendon, Bissel,' Lowe, and Meyer have reviewed 
the literature of this subject in as far as it'uoncerns the hydrogen-ion con- 
centration of the intestinal content in The Journal of the .4 merman- Medical 
Association for Dec. 11, 1920. .Some of the more important facts in 
regard to the effect of the hydrogenion are dagrammatically summarized 
in Fig. 52, : -■ - /■ ■ ■; r-' '/ ■ ^ ■■ 
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In addition to the three proteol3d;ic enzymes mentioned, others occur 
in all the living cells of the animal organism. As the general organic 
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As will appear later in this di-scussion, protein digestion is carried on 
among the protojsoa and lower metazoa, to a very large degree if not 
entirely, by a tryptic enzyme, . ie,, an enzyme active in an alkaline 
medium. Whether more than one type of proteolytic enzyme actually 
occurs in any of these lower forms may be a matter of doubt. It may be 
somewhat unfortunate that most of the work upon digestion has been 
performed by means of secretions or extracts made from the tissues of 
higher animals and that there has been, a tendency to assume that the 
enzymes of the lower forms are the same as those found in the higher. 

Specificity of Eiiz3n33Les. — Among the' enzymes which act upon car- 
bohydrates, considerable evidence has been found to support the idea 
that they are specific in their action, f.e., that a given enzyme is able 
to effect only a certain hydrolysis or perhaps act upon a very few sub- 
stances of closely similar chemical nature. Such' an action would 
undoubtedly make itself most certainly evident in a synthetic rather 
than in a hydrol3rtic process. At .any rate, students of enzyme action 
have determined the existence of a very large number of enzymes which 
are of limited, if not specific, activity. 

For some reason, there is not the same degree of information as to 
the proteolytic enzymes. If the hypothesis is to be accepted that enzyme 
reactions, as applied to proteins, are reversible, as they have been found 
to be for other groups of organic substances, than it must be assumed that, 
wherever a protein is found having a definite and specific character, there 
must exist an enzyme capable of S3mthesizing that particular protein. 
The fact is recognized that the protoplasm of one species of animal 
differs from that of another and also that the proteins of some species 
have injurious effects upon the proteins of another species, although they 
do not have such effects upon proteins of the same species. This fact is 
commonly recognized by the medical profession in performing blood 
transfusions and in the grafting of tissues upon wounds, etc. The 
differences between the different proteins of nearly related species are 
undoubtedly slight, but they are nevertheless real and can best be 
accounted for upon the supposition that the enzymes responsible for 
building these different molecular structures are in themselves some- 
what different. It must also be recognized that in the higher animals the 
proteins of one tissue are different from those of another. These differ- 
ences may be very slight — ^perhaps less than those existing between the 
proteins of even closely related species. These can be accounted for 
also upon the supposition of slight differences in the enzymes responsible 
for the protein building in the different kinds of cells. It might be 
desirable to place the responsibility for tissue and species chemical 
differentiation upon some other. .factor, but since out, of the same nutri- 
tive solution of amino acids, .etc..,- one. cell absorbs and utilizes the ele- 
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.ments Eecessary to synthesize the proteins of the nerve ceil and another 
those of the muscle celi, etc., it would seem logical to place the burden 
upon the character of the enzyme involved in doing this work. 

Protein Synthesis and Specificity, — ^The action of proteolytic enzymes 
presents many problems of peculiar interest. The proteins are the most 
complex of food substances and of body components and at the same time 
of almost infinite %^ariety of composition. In order that they may be 
utilized by the living organism, they must first be subjected to the action 
of enzymes which are able to split the protein molecules into their peculiar 
and characteristic building stones, the amino acids. For this purpose 
there are employed, in the higher animals, a series of proteolytic enzymes, 
pepsin, trypsin, and erepsin. The first of these acts upon proteins and 
splits them to somew'hat simpler products, the proteoses. Trypsin is 
able to act upon proteins and splits them to polypeptides and amino 
acids. Erepsin also acts upon proteoses and splits them to amino acids. 

The Amino Acids, — For the building up of proteins, the amino acids, 
and not simpler substances, are required. In order to make apparent 
something of the possibilities of protein complexity, there is included 
here a table of the better known amino acids which enter into the compo- 
sition of the proteins, and their chemical formulas. 

Molee- 

■ ■ ■ ■ ' 'Ular 

"Weight 

A. Monoamino monocarboxylic acids: 

L Glycine, CHs.(NE 2 lCOOH 75.09 

2. Alanine, CH3.CH(NH2).C00H 258.19 

3. Valine, qOOH 117.09 

4. Leucine, ^ 3 ^^ j, 

5. Isoleucine, j, 

6. Phenylalanine, aH 5 .CH,.CH(NH 2 ).COOH 165.14 

7. Tyrosine, HO.C,H 4 .CHj.CH(NH,).COOH 181.14 

8. Serine, CH,(OH).CH(NHj).COOH 105.08 

9. Cysteine, HSCHj.CH(NHs).COOH 121.12 

B. Monoamino-dicarfooxylic acids: 

10. Aspartic acid, H00C.CH2.CH(NH2).C00PI 133.08 

11. Glutamic acid, HOOaCH 2 .CH 2 .CH(NH 2 ).COOH 147.11 

C. Diammomonocarboxyiic acids: 

NHj5 

12. Arginine, HN « C , 

'^NH.CHj.CH..CH,.CH2.CH(NH2).COOH.. 174.14 

13. Lysine, H,N.CHj.CHj.CH*.CB-!.CH(NH,).COOH 146.13 

D. Heterocyclic compounds: 

14. Histidine, C»H,Nj.CH 3 .CH(NHs).COOH 155.09 

15. Proline, CHj.CHs.CH*.NH.CH.OOOH 115.08 

16. Oxypro]ine,CHOH.CH*.NH.eHj.CH.GOOH 131.08 

17. Tryptophane, CsH(Ji[.CH„CHCNHs).COOH. ...204.17 

Fat Bigestioit: Reversible Action of Lipase. — The classic example of 
the reversible action of enzrymes is that of the action of lipase upon a 
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simple iat. This was. irst studied by Kastle ■aiid\Loevenhart and is 
probably noW' the best understood of any of the re¥ersible aetions. . From 
a qualitative' standpoint^ the experiments are: so sinipie as to make a 
repetition of them a very '€a.sy matter. 

If to a solution of pancreas extract in a test tube a solution of ethyl 
butyrate is added, it is found after a short time that there has l)een a 
diminution in the amount of', the ester ethyl butyrate and that but^^ric 
acid and alcohol have been formed in the -tube. When this experiment 
is made in a test tube, there is never a complete splitting of the eth}^ 
butyrate. Some always remains'’ unchanged, no matter how long the 
experiment be continued. If, now, a small amount of butyric acid and 
alcohol be added to a pancreas ext.ract in a test tube,, it is soon found that 
the odor of ethyl ' butyrate will escape from the tube. This reaction, 
too, is incomplete. There always remains some of, the butyric acid and 
alcohol These two experiments indicate that there is here what may be 
termed a balanced action. Neither the hydrolysis nor the synthesis can 
be complete so long as the substances produced by the action of the lipase 
remain in the tube. There comes a point of equilibrium in which all of 
the substances entering into the reaction appear— ethyl butyrate, butyric 
acid, alcohol, and water — in definite and constant proportion so long as 
the conditions of the experiment remain unchanged. The mode of 
action of the lipase appears to be by the formation of some sort of a 
compound between enzyme and ester on one side and between enzyme 
and the butyric acid and alcohol on the other. Just what this compound 
may be is a matter of conjecture. 

In a similar way, lipase has been found to hydrolyze the higher fats 
as well as the simpler esters. The synthetic production of higher esters 
of glycerol would therefore be expected to take place and, as a matter of 
fact, has been observed in certain cases. 

The Physiological Significance of Reversibility of Lipase Action. — 
This account of the digestion and synthesis of a simple fat by lipase is 
of importance because of the hint which it gives as to the manner in wliich 
fats, and possibly other substances, are handled in the body. Fats are 
taken into the lumen of the intestine and there hydrolyzed. The 
products of this hydrolysis, fatty acid and glycerine, are diffused through 
the membranes of the epithelial cells and are, under the influence of the 
enzyme lipase which is present in the protoplasm of the cells, recombined 
into neutral fat. The fact that 'Hpase exists in cells where fat storage 
occurs has been demonstrated by Loevenhart and others, and the lipolytic 
action of extracts of various fat-storing tissues has cjonie to be a matter 
of common laboratory experience. It. must, in all fairness, be said, how- 
ever, that it has proved very difficult 'to demonstrate any parallelism 
between the amount of fat secreted by- the cells and the amount of lipase 
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which can ,be. extracted from , the .cells. Very small mounts of, lipase 
would imdoiibtedly suffice in fat-storing cells, since fat accumulation is 
a very deliberate process. There is also the possibility that fat synthesis 
', may occur in one p.Iace and storage in another. (For a more complete 
account see Chap. XIII, Absorption.) 

Synthetic Enzymes. — Up to the present time, no conclusive evidence 
of enzymes which synthesize but do not hydrolyze has been presented. 
On the contrary, the best evidence obtained indicates that one and the 
same enzyme is responsible for both processes and that the synthetic 
action occurs under conditions in which the enzymes are acting in highly 
concentrated solutions of the products of hydrolysis. 

According to this supposition, every living cell of the animal body 
would be provided with an enzyme or enzymes capable of synthesizing 
or hydrolyzing proteins, and many of them would also be provided with 
enzymes capable of acting upon fats and carbohydrates. 

Actions of Enzymes upon Carbohydrates. — The problems associated 
with a study of the effects of enzymes as agents for the splitting and 
synthesizing of carbohydrates are very difficult, and the results of the 
work done have led to widely variant conclusions. Two confficting 
hypotheses as to the nature of the effect of the enzymes upon carbohy- 
drates have been presented. Van^t Hoff stated that an enzyme syn- 
thesizes only the same body which under other conditions it hydrolyzes. 
Armstrong has, as the result of his work, taken the position that an 
enzyme synthesizes exactly those bodies which it does not hydrolyze. It 
is impossible within the scope of the present work to present the evidence, 
much of it of a very technical nature, necessary for a discussion of the 
very fundamental point. In a very careful review of the whole situation, 
Bayliss concludes that Armstrong's view is a mistaken one and that 
there is no cogent evidence that enzymes produce by synthesis any 
bodies different from those which they hydrolyze. 

Starch Digestion. — Starch is definitely a colloidal substance. During 
the progress of digestion it has split off from it, one after the other, mole- 
cules of maltose. The molecule of maltose is so much smaller than that 
of the starch as to be readily diffusible through ceil membranes. The 
course of events in the digestion of starch may be shown in a diagram- 
matic manner as follows: 

^maltose 

, Starch(^ ^maltose 

\rythrodextrin([]^ .maltose 

Bchroodextrin(^ 

' ' "^maltose 

■ Maltose acted upon by malta^e-'beeomes'transformed into dextrose. 
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Classification of the More Common Enzymes of Animals. — The 
principal enzymes of animals and their functions are shown in the 
following table. 


Table 49.— CiiAssmcATios op Exztmes 


Enzyme, 

Substances acted upon 

End product 

A. HYDRonTTic Enzymes 

I. Sucroclastic Enzymes 

Gelliilase ■ 

Cellulose 

Glucose 

Amylase: ■ 

' a. Pancreatic — amylopsin . 

■ h Salivary—ptyaiin 
Giycogenase. -v. . 

Starch, amylum, dextrin 
Starch, amylum, dextrin 
Glycogen 

Inuiin 

IMaitose 

Maltose' 

IVIaltose and dextrin 

Imilase. . . 

Levulose 

Iiivertase = sucrase i 

Sucrose 

Dextrose and le¥ulose 

Raffinase. 

Raffinose i 

Fractose and. ,melibiose 

T„ij».et.<»,!5ie 1 

Lactose 

•Dextrose and galactose 
Lactic acid 

Gextrase i 

Dextrose 

Maltase 

Maltose ' i 

Dextrose 

Emulsin 

Glucosides 

Glucose, etc. 

Carbon dioxide and 
alcohol 

Zymase. 

/Glucose ' 

) Fructose ■ 

Glycolytic enzyTn cs . 

j Mannose 

VGalactose I 

.Sugars I 

Rhamnose 

Lactic acid, alcohol, car- 
bon dioxide, water 

Rhamnase. 

Trelialase .■ . 

Trehalose 




II. Lipociastic Enzymes 

Lipase: 

a. Pancreatic) 

h. Gastric > 

c. Tissue 1 

Neutral fats 

Fatty acids and alcohol 

III. Proteocl^tic Enzymes 

Pepsin — 

Trypsin 

Erepsin 

Nuclease....' 

Autolytic enzymes; 

Proteins'". 

■''•Proteins ■ 

Proteoses, peptones, pep- 
tides, and casein 
[ Nueleo proteins 
j Tissues .generahy 

Proteoses, peptones, and 

peptides 

Proteoses, peptones, pep- 
: tides, and amino acids 
Amino acids 

Purine bases 
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Distribution of Enzymes in the Animal Kingdom.~Table 60, gives a 
conspectus of the available facts as to the distribution of the various 


Table 49, — Classification of Enzymes. — {Continued) 


Enzyme 

Substances acted upon 

End product 

B. Coagulating Enzymes 

Rermase = gastric renniE . . . 
Renaase ~ pancreatic renmn 
The above may = pepsin 
Thrombin 

Caseinogen of milk 
Caseinogen of milk 

Fibrinogen 

Casein ■ ■ 

Casein 

Fibrin 


€: Oxidases 

Catalase. 

Peroxides 

Polyhydiic p-phenols, such 
as hydroquinone and 
pyrogailol 

Various tissues 

Peroxides or hydroper- 
oxides and carries oxygen 
to tissue constituents 
Tyrosine 

Xanthine and hypoxan- 
thine 

Oxygen, water 

Oxidation products 

Oxidation products 
Oxidation products 

Homogentisic acid 

Uric acid 

Eaccase. 

Oxidases 

Peroxidases 

Tyrosinase 

Xantho-oxidase 


D. Reductases 

Reductase. 


Causes reduction or de- 
oxidation 



If. -Dbajuinases ' 

Guanase 

Guanin 

Adenine 

Amino acids 

Urea 

. 

Argenine 

Xanthin 

Hypozanthine 

Hydroxy- or ketoacids 
Carbon dioxide and am- 
monia 

Urea and ornithine 

Adenase 

Amino acid deaminase 

Urease 

Argenas© , . , . 


F. Carboxylase 

Carboxylase 

COOH group of aliphatic 
acids 

Carbon dioxide 



enzymes among invertebrates. It is to be noted that the investigation of 
the character of the enzyme found in the different animal groups is very 
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Table 50. — Distkibittion oe Enztmes in the Animal Kingdom 
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In. the above table: 

^ enzyme present. 

— enzyiPe absent, 
t trace of enzyme found, 

? result doubtful 
a autolysis, 
s slow. 

(1) genera studied not named. 


Probably fact stated should apply generally in. group. 



316 


TEXTBOOK OFiCQMFABATIVE PHYSIOLOGY. 


far from complete. It is a matter of regret that ..knowledge .concerning 
the range of distribution of these bodies is. not' more , comprehensive. 
Much of the work from which this table was compiled is quite old^ having 
been done before as much was knowm. concerning the nature of various 
enzymes as is now known and before the methods of research had been 
improved to a point where it w^as possible to make some of the finer 
distinctions in reactions as is the; case at present. It is probably true 
that the list of enz^’ines found in li\dng animals, is far from complete/ 
and that when a complete list of enzymes and the full range of these 
enzymes in the different groups is compiled, it will be seen that there is a 
much more regular distribution than the table would seem to indicate. 
There is, of course, a rather strong likelihood that in the lower forms the 
enzymes are of more generalized types than in the higher forms, and 
therefore able to act less effectively upon a somewhat wider range of 
foodstuffs than the enzymes of the higher animals. 

In making a survey of the distribution of the various enzymes in the 
animal kingdom, a few' important considerations are outstanding. 
The relative poverty of the protozoa as far as the presence of enzymes 
is concerned may first be mentioned. The existence of an acid reaction 
in the food vacuole was first interpreted to be an indication of the presence 
of a peptic enzyme. There does not now' seem to be good ground for 
this belief, and it is therefore concluded that the acid reaction is to be 
explained upon a different hypothesis. The existence of lipoclastic 
enzymes among the protozoa seems to be a matter of question. It 
has not yet been possible to isolate a lipase, though protozoa fed upon 
emulsions appear to be able to utilize this as a source of food. More 
evidence is needed at this point. There is certainly no possibility of the 
existence of a cellulose-digesting enzyme in the group, though some of the 
protozoa appear to be able to digest cooked starches, and in some cases 
the digestion of the contents of plant cells without the destruction of the 
cell walls has been reported. Among the Coelenterata there is a some- 
what wider range of enzymic activities, though further investigation is 
needed here also. The digestive capacities of the worms certainly are 
not fully understood. Among the echinoderms, some of the more recent 
work, pointing out the existence in the group of the enzymes which act 
upon some of the higher sugars, is certainly a matter of interest. In this 
group of animals, and more especially among the mollusks and arthro- 
pods, the occurrence of enzymes which will hydrolyze the polyoses, a 
thing which the higher animals are not able to do, seems to be a matter 
of special significance. The presence of emulsin in a large number of the 
marine mollusks, with the exception of certain of the cephalopods, is also 
a matter of interest, especially in view of the fact that the presence of this 
ferment has not yet been demonstrated in the cartilaginous or bony fishes. 
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Table 51.~Enzyme Actions on Cakbohtdeates 
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0.50 
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*‘Liver^’ Patella ptdgata. 
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0.98 

0,42 

Intestine Echinus., escnlentm, 

0.98 

0.54 

' 1.25 ,, 


Disk Ophiocoma 'nigra, . .. . . 

0.81 

0.04 

o .'Sa ' 



Table 52. — Digbstivb Activity ojf Different Oboan.s 
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* enssyme present, or positive result. 
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t result doubtful. 

0 no test made. 


318 


TEXTBOOK OE 'aOMPARATIFE PHYSIOLOGT. 


Enzymes of Invertebrates.— Roaf has made an extended investigatiori 
of the existence of hydrolj^ic enzymes among the invertebrates, and has 
‘ given attention also to the optimum conditions for the working of the 
proteoclastic enzymes. 

The enzymes were prepared ■by treating the minced tissue^ of which it 
was desired to test the enzymic activity, with an equal weight of glycerine. 
This was allowed to stand for several weeks, and then/ the S'.olid por- 
tions were removed by straining through cotton; In later experiments, 
attempts were made to purify these extracts by precipitating the glyc- 
erine extracts with alcohol, and after filtering off the precipitate, it 
was extracted vdth water containing a little toluol, the latter to act as 
a preservative. 

One cubic centimeter of the fresh glycerine extracts of the several 
glands of invertebrates was tested upon 9 cc. of 2 per cent solutions of 
different carbohydrates, thus making 1.8 per cent solution. The figures 
in Table 51 give the percentage of sugars formed. 

Table 52 gives a summary of Roaf^s investigations upon the digestion 
of carbohydrates, proteins, fats, and coagulation. Roaf calls attention 
to the fact that with these enzymes the point of optimum activity lies 
much nearer the neutral point than is true with either mammalian pepsin 
or mammalian trypsin. The presence of a rennin-like enzyme has been 
observed by several investigators among various invertebrates, and 
lipase has been found widely distributed among animals and plants. 
The coagulation of oxalate plasma calls for further investigation, but 
the action is not likely to be due to a kinase. It would appear as if there 
were here some substance capable of acting to a certain extent like 
thrombin. There may be two separate enzymes, pepsin and rennin, 
or the rennin action may be simply the first stage of the action of pepsin. 

Method of Studying Digestive Activity. — Roaf has developed a 
method for the study of digestive activity in the lower animals which 
gives immediate and accurate results as to the nature of the proteo- 
clastic ferment at work. 

The method consists in staining shreds of fibrin in a solution of Congo 
red. The fibrin is then heated to 60 or 70^ for 5 minutes. The tempera- 
ture should be as low as possible so as to avoid the possibility of rendering 
the fibrin threads less digestible, as occurs when they are heated to the 
boiling point, 

' As Congo red turns blue with acid, it is necessary to render the solu- 
tion alkaline when it is desired to compare the depth of color of an acid 
digestion with that resulting from a digestion in an alkaline solution. It 
WBM found easiest to do this by adding solid anhydrous sodium carbonate 
until the precipitate which foi^ at the neutral point redissolves. The 
depth of the red color' of, peptic .'digestion can then be directly compared 
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to that of the trjptic digestion. ■■'Even when .comparing peptic digestions 
with each oth.erj it is more ' conyenient' to render them alkaline before 
■compa.ring. ■ ■ 

Experiments showed that the enzymatic, action o.f pepsin upon a 
solution, .of Congo red fibrin follows the Schutz as it is nearly a func- 
tio.n of the square root of the amount of enzyme present; whereas for 
trypsin it is roughly proportional to the amount of the enzyme present, 
■The method of preparation of the fibrin is as follows: The fibrin should 
be washed, minced,, and be'dree from blood. To each 100 cc. of 0,5 per 
cent of '.Congo red in ' water add 50 g. of moist fibrin. Let stand 24 hours, 
and then pour the pasty mass into a large volume of water heated to 
the required temperature and keep there for 5 minutes. The tempera- 
ture can be .varied according to need, but for most purposes about 
80® is best, as it fixes the dye wdthoiit interfering to any great extent 
with the ease of digestion of the resulting Congo red fibrin. The fibrin 
can then be placed in a piece of cloth and washed in running ^vater by 
tying the cloth on the tap and allowing the water to run slowdy. After 
washing, the excess of water is squeezed out and the fibrin kept in equal 
parts of glycerine and water. When the fibrin is to be kept for a long 
time, a little toluol can be added to prevent the growth of molds. 

A very serious objection to the use of this particular indicator is that 
its point of change lies far on the acid side of neutrality, its range extend- 
ing from pH 3 to pH 5, so that an operation might appear to take place in 
an alkaline reaction and yet, at the same time, be quite strongly acid in 
character. 

Roaf has also tested the digestive, .powder of watery extracts, of the 
alcoholic coagula of glycerine extracts, of glandular structures of several 
of the animals mentioned above with the following results; 


Tabte 53 . — Digestive Poweb op Extkacts 
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Certain facts taken from Roafs' work and not included in the tabular 


statement should be mentionedv ' In the actinmn Actinoloba the reaction 
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of the tentacles, using Congo red as the indicator, was, practically .neutral 
(meaning probabiya pH of between 4 and 5). The reaction of the mesen- 
terial filaments was somewhat .acid (eTideiitly somewhat ..more, acid 
than pH 4). 

In Echinus, the food matter w’as chiefly barnacles and seaweed. 
There w^'ere rhythmical move.ments of the mouth parts which were deter- 
mined to hawe a temperature coefficient of 3.2. The food when taken 
into the intestine wms molded into oval masses, each surrounded by a 
capsule. As the process of digestion proceeded, the content of the cap- 
sules become more transparent. The capsule at first wms somewhat acid 
or neutral in reaction, there being a concentration of hydrogen ions 
greater than pH 8. After a time it became more alkaline, less than pH 8. 

In Asterias rubeiiSj the pyloric caeca are distinctly acid, having a pH 
equals 4. The rectal caeca also become filled with a fluid of the same 
acidity but in the later stages of digestion the acidity of the content 
diminishes. 

In Porania, the pyloric caeca are acid to Congo red. 

Here also may be mentioned the digestive enzymes of Caudim 
cMlensis, In the intestinal juice of Caudina cMlensis occur amylase, 
invertase, tryptase, and rennase and in the intestinal extract, lipase, 
butylase, amylase, maltase, invertase, ereptase, tryptase and rennase. 
The optimum pH for the amylase from the intestinal extract is 6.3 at 
38 to 40°C. In the absence of NaCI, the amylase is almost inactivated, 
and the action is restored by the addition of NaCl; the optimum salinity 
for the amylolytic action lies between 2 and 0.05 per cent NaCl. The 
middle portion of the alimentary tract shows the most active digestion 
and the lower portion, or large intestine, the weakest. In the digestive 
tract of the shipworm Bankia setocea there has been demonstrated the 
presence of a cellulose capable of hydrolyzing sawdust and pure cellulose 
(filter paper) to sucrose in 30 per cent alcohol extracts, buffered at pH 6. 

The Universal Occurrence of Enzymes. — Until within comparatively 
recent years there has been a division of opinion as to the manner in 
which the digestive processes of the low^er animal forms are carried on. 
Even as recently as 1904, Gurwitch made the claim that the fermentative 
action observed in the digestion of food substances was due to the direct 
action of the cell plasma upon the food materials. He was unable to 
find any valid evidence of the existence of ferments secreted by the 
protoplasm of the cells. With Buchner^s discovery and separation of 
the enzyme zymase from yeast cells, the whole matter of the digestive 
activity of the protozoa and other forms maintaining intracellular diges- 
tion takes on a new significance. There appears to be no reasonable 
doubt that the digestive processes of the lower forms follow the same 
general course as the digestive actions of the higher animals. They are 
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true chemical^ processes and are accelerated^ as are the siiiailar' processes 
of the higher animals, by the substances known as' enzymes. The 
essential difference between the digestive- processes of the lower and the 
higher forms consists in the fact that' in the higher forms the enzymes are 
secreted into a medium outside of the cells, and do their "work out of 
contact with the living protoplasm, w'hile in the low^er forms the enzymes 
are formed, and manifest ' their whole activity within the living 'cells— 
but not .in .all cases in contact- TOth the protoplasm. There is even among 
the protozoa 'just as truly a localization of the process of digestion as 
there is in the higher form,s; in the first it O'Ccurs within the food vacuole — 
in the latter within the alimentary tract. 

Evolution of Digestive Enzymes. — ^The progress of evolution sho.uld 
show a gradual transition of chemical composition accompan3dng changes 
of structure. As applied to enzymes, it wmuld be expected that the 
original forms of these bodies would be less specialized, acting somewhat 
like an acid or an alkali, and that, as the animal becomes more spe- 
cialized, its enzymes vrould become more differentiated, so that some of 
them could act only upon certain definite substances and very likely in 
the presence of a medium of a very definite character. 

In such a scheme it would be natural to expect to find, in connection 
with proteoclastic enzymes, a series of enzymes ranging from those 
capable of acting equally well in weakly acid or weakly alkaline media 
through those which react better in a medium of one reaction than in 
another to the more specialized ones occurring in the mammalian body, 
such as pepsin, trypsin, etc. 

On this view, the question of the identity of pepsin and rennin might 
depend for its answer on what particular organism was selected as the 
object of study. In one animal the two might have become differenti- 
ated, -while in another the two actions might be bound together. Like- 
wise the enzymes found in any one species would depend upon the nature 
of the food material to which that species was accustomed, showing 
lesser action on substances allied to those forming its normal food supply. 
The less specific enzymes the wider, though probably less intense, their 
action. Some such reason must explain the presence of rennin, lactose, 
and possibly thrombin in organisms which normally have no need for 
their actions. The protein splitting which may occur in either a faintly 
acid or faintly alkali medium may not be due to the presence of two 
enzymes, but to one, and by various treatments one or the other of these 
actions may be diminished, thus giving rise to some of those changes in 
action which have been noted in experiments. 

Rennase.^ — ^The nature of the enzyme commonly re-f erred to as rennin 
is still problematical. It seems to be a fact that wherever proteoclastic 
enzymes occur aome evidence of milk curdling is also found. During 
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.TeceBt.yearSj: considerable evidence has been presented showing the, great, 
probability that, the rmnin and the pepsin of the higher forms are ,ideiiti- 
caL It has been shown, for example, that as the proteoclastic power of 
pepsin is impaired the milk-curdiing power is also impaired— and' in the 
same degree. In the rennase found in the mollusks and arthropods a 
different substance is apparently being dealt with. This substance is 
much more resistant to heat than is the rennase of the mammals and is, 
at least in some cases, associated with the tryptic enzyme rather than the 
peptic. Among the Crustacea, the curdling effect takes place in dilute 
solution while the proteolytic action occurs in more concentrated solu- 
tions. Also, the proteolytic action may be changed to the coagulating 
by heating to 60 *^ or by rendering the milk faintly acid in character. 
This last statement would seem to render plausible the suggestion that 
rennase may be a separate enzyme, associated in the higher animals with 
pepsin and in the molluvsks and crustaceans with trypsin. Evidently 
much more w'ork will have to be done before a complete understanding 
of the situation is possible. 


CHAPTER XI 
SECRETION 


Ali protoplasmic ■ ceils ■ have the power,, through their metal)olic 
activities, to produce substances that maj serve so,Eie, useful purpose in 
themselves or in other , cells. Some cells may elaborate substaiicas 
which may be cast' off from the cells and act extracelliilarly or whieii 
may be stored up within. the cell.s and. serve later as .stores of energj^ 
upon which the cell may call Such examples may be cited as the power 
of the amoeba to build up and to secrete into its food-vacuoles ensijunes 
which may serve to dige,st the food materials contamed therein, the 
ability of the salivary glands of the higher animals to secrete digestive 
enzymes, or the power of the highly differentiated muscle fibe,rs.aGd liver, 
cells to store glycogen. 

In the course of the evolutionary process, certain cells have been set 
aside to be chiefly responsible for the production of chemical substances 
of a great variety. These are the gland ceils. 

Secretory and Resorptive Cells. — One should distinguish between 
gland (secretory) cells and resorptive cells. The seeretoiy cells are those 
which take water and dissolved matters (with or without elaboration 
into new substances) from the blood and pass them to the outside (e.g.^ 
into the lumen of stomach or intestine). The resorptive cells take 
substances from their free frontal surfaces and pasvS these substances 
back to the lymph or blood. These cells may or may not modify the char- 
acter of the absorbed substances on their way through the protoplasm. 

The secretions discharged from, the gland cells consist of water and 
substances: (1) selected from the blood; or (2) synthesized by the ceil 
protoplasm. Involved in the work of the gland cells are the permeability 
of the cell membranes and the metabolic acti\dties of the living proto- 
plasm. As an example of selection, as the term is used here, may be 
cited the work of kidney cells which are effective in removing urea from 
the blood stream and then eliminating it from the body. As examples 
of synthetic action may be cited the metabolic activities involved in 
constructing enzymes and endocrine secretions. These activities involve 
the expenditure of energy. The water' portion of the secretion is simply 
the vehicle in which the secreted -substances are carried away from the 
cells. In addition to the particular secreted substance produced by any 
particular gland ceil, substances ..low ..molecular weight sodium 
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chloride) may diffuse from the blood stream through the gland cells and 
be passed off from them during the period of active discharge. 

In the evolution of the higher animals from the lower forms there has 
been a great advance in the specialization of those structures known as 

'.glands. 

It is not the purpose at this time to go further into a discussion of 
the microscopical structure of different types of glands than to make 
a few general suggestions. Any good textbook of histology can be 
consulted for further information. It is a conspicuous fact that the 
cellular differentiations leading to the power of the gland cell to act as a 
secretory organ are molecular or chemical in character rather than mor- 
phological. In a great many cases the production of a secretion is 
about the only evidence available that a given cell or group of cells has 
become highly specialized. Histologists have given in their textbooks 
little attention to the differences in appearance between resting and active 
gland cells. 

Typical Gland Structures. — Glands exist in a great variety of struc- 
tural forms, ranging from a single epithelium ceil to arrangements into 
sheets and into simple and compound sacular and tubular structures 
of great complexity. The chemical work which the glands accomplish 
must be looked upon as their contribution to the organism, and it is of 
far greater significance than the structural peculiarities which the various 
glands exhibit. AU gland structures can, in final analysis, be reduced to 
three elements — a secretory epithelium cell lying in close relations to a 
hlood supply and placed upon a basement membrane which serves to hold 
the cell in position. Every gland is formed by an infolding from an 
epithelium surface. The more typical secretory epithelium is found in 
the deeper lying, blindly ending, terminal portions of tubules or sacs. 
Along the ducts there is found a less modified type of gland cells. 

As examples of gland structures of different types may be mentioned: 
unicellular mucous glands in the lining epithelium of the intestines of all 
higher animals; simple tubular glands (the glands of the gastric epithe- 
lium of frog and many other animals) ; simple sacular glands (the skin 
glands of frog); compound tubular glands (kidneys); and compound 
sacular glands (pancreas and salivary glands). 

In many accounts of normal histology of glandular tissues little 
emphasis is given to the fact that a secreting cell may have a very differ- 
ent appearance when at rest than during or immediately following the 
process of secretion. During periods of rest the protoplasm of the gland 
cells becomes filled and in many cases distended with numerous granules. 
The nucleus of the cell is frequently obscured by these granules. During 
secretion the granules are lost from the cell, the protoplasm becomes 
^ clearer, and the ceil shrinks'' markedly in, size. ' 
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■ Secretioii a; Sign of' IrritabEity.. — This cheaiieai work upon, the part 
of .the gland cells is . a' sign of ' the' irritability of the cell, just as truly as 
that the contraction. of a muscle or the passage of a nerve impulse is an 
indication^ of the irritability' of muscle tissue or of nerve tissue. The 
respO'iise of the muscle fiber or of the nerve cell is in accord with what is 
known .as .the alhot-mne law, ■ It would certainly be interesting to 
..discover whether glandular secretion Toliow.S' the same law. The only 
observation which the author recalls w’-hich. may bear directly upon this 
point is .in connection with certain pigmented structures in the integument 
of . certain .aquatic worms. 'When t.he animal is .subjected to chemical 
stimulation, the . pigme'iited structures discharge their pigment into the 
surrounding water. No case has been obsen-ed in which there was a 
partial discharge. The pigment wms either all discharged or none left 
the cells. ' Observations made by Mansfield and Hect seem to indicate 
that the response to stimulation of the submaxillary gla.nd.^.of the 'Cafc 
does not follow the all-or-none law. 


Tables 54.— Analogies bewben Muscl'E, Nbeve, and Gla'Nd Cells 
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ing rest 








326 


TEXTBOOK 'OF COMPABATIVE PHYSIOLOGY 


Analogy between Activities of Mtiscle, Nerve, and Gland Cells* — 
Attention has already been directed to certain similarities in the behavior 
of muscle fibers and nerve cells. It is now proposed to extend the 
comparison to include gland cells as well. The brief tabular state- 
ment on page 325 (Table 54) includes some of the more obvious points 
of similarity. . 

How Is Secretion Induced?. — ^The stimuli which are commonly 
employed in the animal body to bring about the production of a glandular 
secretion are: (1) nervous action, and (2) chemical stimulation. 

Secretion through Nerve Stimulation. — It is not possible to refer to 
more than a few cases in which the secretion of a gland is brought about 
through nerve stimulation. Many physiologists believed that the 
secretion of the gastric juice by the gastric glands is under nervous 
control. The demonstration that this is true was made by Pavlov. He 
showed that in the vagus nerve there are secretory fibers, the stimulation 
of which leads after a long latent period to activity on the part of the 
gastric glands, and the discharge of gastric Juice into the lumen of the 
stomach. Pavlov showed that the result was essentially the same 
whether the glands were stimulated electrically or by the natural stimu- 
lus. He prepared animals for experimentation by dividing the esoph- 
agus in the neck and bringing the two cut ends to the surface in separate 
openings. It was thus possible to give to an animal the full enjoyment 
of eating without having the food pass directly to the stomach. Or, it 
was pos.sible to pass food into the stomach of the animal without having 
it pass through the mouth. It was found that if the animal is allowed 
to eat and swallow food — to the exterior — there is an abundant secretion 
of gastric juice, resulting from the stimulations of taste, odor, etc., acting 
reflexly. Pavlov referred to this type of secretion as psycMcaL Carlson 
speaks of it as the appetite secretion. 

Another good example of secretion due to nervous stimulation is that 
of the salivarj^ glands. In the case of the dog, the submaxillary gland is 
supplied by two nerves: (1) the chorda tympani, a branch of the seventh 
cranial nerve, which crosses the tympanic cavity and enters the fifth 
nerve; and (2) the sympathetic nerve. As the result of careful experi- 
mentation, it has been found that stimulation of the chorda tympani 
nerve produces a copious watery secretion and that stimulation of the 
sympathetic nerve produces a "thick, -viscid secretion. This result was 
interpreted, by Heidenhain to mean that there are in these nerves two 
sorts of fibers: (1) secretory fibers, leading to the secretion of water and 
salts; and (2) trophic fibers, to the production of the specific 
solids appearing in the secretion^ yHabkin has succeeded in showing that: 
(1) when hydrochloric' acid ;is, placed; ■ in- the mouth, the secretory and 
vmodilator mrves are stimuiatedy whHe the trophic nerves are not, and 
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the secretion is thin and watery; and that (2) when meat powder m 
placed in the month there is stimulation oi secretory and trophic aen^es, 
but not of vasodilator fibers, which results in the' production of a thick 
viscid secretion. 

Role of Mimcle Fibers in Ghfid Aeiion * — Mathews has given atten- 
tion to, the part played by contractile fibers in the processes of secretion. 
,He points' out that the. effects of .nervous stimuiatioii of such structures 
as the salivary glands are not eon&ned to the secreting cells. In the 
gland there are also muscle fibers, .and these are brought into play througli 
stimulation . of t.he' nerves. Evidences of . this fact are seen, Mathews 
s.ays, 'i,n the sudden gush of saliva; its. sudden cessation, however pro- 
longed may be the' sti,niulat.io:n; the dim.mutioE in the ainoiiiit of saliva 
secreted when the stimulations are rapidly repeated; the apparent 
paralysis of the nerve when the d'ucts are empty and its restoration 
to po%ver if the ducts be passively redistended. , .These facts are more 
easily explainable upon the assumption that the muscle elements play an 
important part in the process of forcing the secretions from the gland. 

To say that the contraction of muscle fibers is the cause of secretion 
seems to be mistaking the order of events. The work of secretion is 
chemical No discharge of secretion can occur before it has been formed 
by the gland cells. That the muscle cells may play an important role in 
helping to squeeze secretions out of saccular or tubular glands seems 
beyond question. Mathews calls attention to the unicellular glands of 
the carp louse Argtdus foliaceuSj which, according to Nussbaum, are 
emptied by the contractions of muscle fibers surrounding them. Uni- 
cellular glands in the mantle of the moilusk Aplysia are also surrounded 
by muscle fibers. Muscular fibers also occur in the livers of gastropods, 
land and water isopods, amphipods, and decapods and in all probability 
play some part in forcing the glandular secretion out of the ceils. 

Such mechanisms may be more important among the invertebrates 
than among the vertebrates w^here there is realb^' greater opportunity 
for the display of osmotic phenomena. 

Secretion through Chemical Stimulation-— A very beautiful example 
of the control of secretion through chemical stimulation is that of the 
control of the production of gastric juice through gastic secretin. As 
has already been mentioned, the first secretion of gastric juice by the 
gastric glands is due to stimulation through the vagus nerve. This 
secretion does not, however, contmue throughout the whole course of 
gastric digestion. It usually ceases after a few 'minutes. The organism 
has found it necessary to devise a method which will automatically 
provide for the continuous stimulation of the gastric glands, over quite 
long periods, in order to provide sufficient 'gastric juice to complete the 
work of digestion. EdMns, Starling, and others have^ contributed to our' 
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understaading of this method of control. Many foodstuffs contain 
substances known as secretogogues^ substances which stimulate' certain 
cells to secrete. Many of the condiments belong to the secretogogue 
class. Secretogogues are also produced in the course of protein digestion 
in the stomach. These secretogogues act upon certain epithelium cells 
in the pyloric region of the stomach. As a result of their stimulation 
these epithelium cells produce a substance which is termed gmtrm or 
gastric secretin. The exact chemical nature of gastrin has not been 
determined, but it seems to be a basic substance related to histamine. 
This substance diffuses rapidly from the epithelium cells into the blood 
stream and is carried in the general circulation to all parts of the body. 
Some of it appears in the capillaries of the stomach wall, where it acts 
directly upon the cells of the gastric glands and causes them to produce 
their gastric secretion. 

A very similar control exists for the pancreas and probably for the 
liver. 

Kinds of Substances Secreted. — ^The substances secreted by different 
animal glands serve a great variety of purposes. 

1. Mechanical, to serve for: 

Connection — served by substances secreted in fibrous form, connective 
tissue threads, byssus, etc. 

Support — calcareous or siliceous spicules, cartilage, bone, chitin, dentine, 
enamel, silk, spider webs, spongin, trepang, conchiolin, pearl, collagen, 
chondrin, cellulose, etc. 

Lubrication — ^mucous, synovial fluids, pericardial fluids, serous fluid, etc. 

Insulation — ^fat, oils. 

Protection — exoskeletal structures of various sorts. 

Temperature regulation — ^perspiration. 

2, Chemical, to serve as: 

Catalytic agents — enzymes, of which there is a great variety. 

Regulators of metabolism — ^hormones, vitamins. 

Protection — dyes, corallin, murexide, etc., toxins, antitoxins, excretions. 

Among the substances secreted by animals, there should be mentioned 
a variety of animal poisons and special secretions. These are to be found 
widely scattered among the phyla of the animal kingdom from the Coelen- 
terata to the Mammalia. Among them may be mentioned the active 
poisons found in the nematocysts of the Coelenterata. These highly 
specialized cells which appear in great abundance upon the tentacles of 
hydra, hydroids, medusae, siphonophores, etc., secrete a substance 
known as hypnotoxin. 

Substances of a poisonous nature are secreted also by echinoderms, 
planarian worms, tapeworms, jSlaria, Trichina, Ancylostoma, by vari- 
ous mollusks (especially Mytilus), ' arachnids, m3aiapods, Lepidoptera, 
bees, wasps, Coleoptera, not to mention Amphibia, Reptilia, etc." 
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.The purple. dye secreted by Piirpiiia,:MureXj etc. and tbe ink secreted 
by.' octopus, Loligo,: Sepiola,: Spirals, and 'Argonauts .are special cases of 
great interest. ' The . mucin .secreted by snails, secretions of nidameiital 
glands of Cephalopoda, the byssus secretion of. mussels, the silk see.retion 
of silkworms, wax secretion by the honeybees, by bumblebees, and 
other forms are ty|3es of secretion not found among the higher animals but 
interesting adaptations of cellular activity to meet certain needs of the 
animals, producing them. ' 

, '■ .The Period .of Discharge,— Following an appropriate stimulation, the 
gland '.cells discharge their secretion to.- the outside, f.c., to the lumen of 
the. tube or sac: in whosO' wall they lie. This period of discharge may 
involve, so far as the cells are concerned, three possibilities. 

, 1, . Products elaborated by .and stored vithin the cells may simply be. 
eliminated. The passing of digestive ferments into the food .vacuoles in 
Paramecium is an example of this type. 

2, Cytolysis of a considerable portion of the cytoplasm of the gland 
may occur, while a small portion of cytoplasm and the nucleus rem.ains 
and ma}?-' regenerate the lost cytoplasm and renew the mass of secretion 
material which was lost. This takes place in many glands of the mucous 
type.' 

3. The whole gland cell may be destroyed, and its substance may 
become a part of the secretion. This occurs in sebaceous glands, and 
sometimes in mammary glands. 

The cell discharges included in groups 1 and 2 may be spoken of as 
merocnne or poly phasic^ f.c., involving the partial destruction of the proto- 
plasm, as distinguished from the condition observed in group 3, holocrine 
or monophasic secretion, in which the whole cell is sacrificed in the act of 
secretion. In the case of merocrine or polypfaasic secretion the process 
of restitution and discharge involves the rhythmic activity of secreting 
cells. In the case of holocrine secretion, rhythmic activity of the gland 
is provided for by the formation, growth, and activity of new sets of 
cells. As an example of holocrine secretion may be mentioned the 
activity of the digestive gland of Astacus as described by Hirsch. The 
holocrine secretions of Astacus show a rhythmic cycle; indeed, the acti^dty 
of the entire gland exhibits a definite rhythm. The rhythm of the active 
forms of the secreting cells and the ferment stands in direct relation to the 
rhythmic increase of cell division, but an explanation as to the cause of 
this rhythm is still wanting. 

Gland-cell Restitution. — In living cells the processes associated with 
living take place in a definite sequence and a certain direction; also, many 
physiological processes are made up of separate reactions which are tied 
together to form a definite sequence or 'chain — or (according to Hirsch) 
a phase.” (This term phase” is not- 'the most fortunate, because of 
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its use in colloid cliemistry in another sense*) Many physiological 
] , processes are reversible or are made up of reactions which are themselves 

* ; reversible. Hirseh gives special consideration to processes which are 

I ; irreversible and raises the question as to how a sequence of processes 

; (phase) can be repeated if the direction of the phase is not reversible. 

I' Among such processes may be included growth, regeneration, and 

J changes in cell structure. In this present connection, there is no eon- 

I sideration of the first two. Among the cells showing alterations in cell 



structure which are irreversible are those leading to the formation of: ' 

(1) permanent cells, such as nerve and striated muscle — those in which 


cell division ceases early; (2) labile cells, such as angioblasts and glands 
in which cell replacement continues throughout life. In particular gland 
cells, the cells of the last group exhibit irreversible processes, directed to 
some structural and functional end, which follow a definite time order. 
To provide for this possibility of repetition of irreversible processes, there 
must be found some method of restoring the protoplasm of the cell 
to the condition in wMeh the series of chain reactions may again be 
repeated. Hirseh uses the 'term, rmtttuUm to include this series of 
rebuilding processes (see Fig.' 53). , ■ v , , • . ^ ^ 
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, 'SMCMETION 

'' To: quote from:' Hirsch:, 

, : Secretion is a special case of the general .elimination of material It is the 
elimination of materia! .from the inside- to the outside of protoplasm. It is possi- 
ble to distingiiisli three kinds. of elimination: evasion, accumulation, and secretion. 
According to Putter, an emsion occurs when a stream of ^vater washes out materia! 
by diffusion through the colloids of the protoplasm. An acciimulatioE is under- 
stood by Hirach in this way: the 'protoplasm 'receives the material as products 
from other organs, piles it up, and discharge's it ,to the outside. An example 
is urea in the tubules of the kidney and 'Uric acid in the kidney of Gastropods and 
Crustacea. Secretion^ howevei*, ' takes place -whe-n the protoplasm builds up or 
produces the material by itself and extrudes it after a certain time. The rlistinc- 
tion, t.herefo:re, between different ki.nds of elimination depends on the preparation, 
or elaboration of .certain material 



Fia. 64 . — Hdix pomalia, salivary giand. Alteraativo cycles of restitution of secretion 
followed by extrusion in one cell under different conditions. During starvation, stages 
1 to 11 (on the outside of the diagram) are gone through. Directly after stimulation by 
food, the series is shortened: stage 2 passes through P and Q to 9. At progressively longer 
intervals after stimulation the process of restitution becomes longer and longer, passing 
through P, S, T, and W, (From Hirsch, adapted from B, J. Krijgsman, 1928.) 

The work of the secretory cell is complicated and ordinarily consists 
of four groups of processes: (1) reception of material; (2) formation of 
prosecretion; (3) formation and migration of granules; (4) extrusion. 

1. Reception of Material . — ^Here are included the reception of water, 
of salts, of substances used in the elaboration of secretions, and, in higher 
animals, of substances which act as chemical stimulants or regulators of 
the cell. It is generally accepted that the flow of water from the blood 
capillaries through the secreting cells to the lumen of the gland is a purely 
physical process, though there is not yet full agreement as to a detailed 
explanation. It seems likely that the explanation of water diffusion 
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given by Landis, referred to earlier in this volume, applies in the case 
of diffusion of water into gland cells. According to Landis the diffusion 
of water through capillary walls toward the outside is due to the fact 



Fig. 55. — Observations made upon a living cell of tbe mouse pancreas. From 3 :00 
to 4:40 o’clock, the period o! discharge of the cell under the influence of pilocarpine. From 
4:40 to 8:40 o’clock the cell was under observation. Between 4:40 and 6:05 o’clock new 
granules appear (for example, group H) at the surface of the mitochondria. These granules 
then move a little toward the nucleus and back. Between 5 :00 and 8 :40 o’clock these 
granules move around the nucleus to the Golgi field, thus one group appears from below 
as group D and moves likewise to the Golgi field, where both groups H and D arrive at 
about 8:00 o’clock. Here in the Golgi field the granules change to mature prosecretion. 
The drawings at 4:40 and 8:40 o’clock show again the full number of granules, whereas 
in the intermediate stages only the granule groups H and D are drawn in. {Hirscht 1930.) 

that there is maintained in the vascular system, including the capillaries, 
a water pressure sufficient to be in excess of the osmotic pressure of the 
blood colloids. The taking up by the gland cell of the water exuded from 
the capillary involves both the permeability of the cell membrane 



Fig. 56. — Sketches of an acinus of the pancreas of a living white mouse while under 
observation during a period of 44 minutes. The observations began at 11 o’clock. At 
11:07 o’clock the mouse was injected with a pilocarpine solution. Solution of the granules 
at the apices of the cells in vacuoles is shown. The exit of dissolved granules as a liquid or 
as drops (both may be seen at 11:35 o’clock); exit of imdissolved granules into the lumen; 
enlargement of the lumen during the period of observation; and a marked decrease in the 
number of granules is apparent. 

and the relative concentration of water molecules on the two sides 
of the membrane. As water passes into the gland cell, water vacuoles 
form in the basal cytoplasm. These diminish in size as smaller daughter 
vacuoles are formed and finally disappear in the protoplasm or are 
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extruded, mto ' the .luBieu. ' Secretion' granules' are ii.Qt' dissolved in the 
ceil by this .water 'Current " 

' 2. Formaiion :of Prosecreiion '(See -Fig, '55).— The exact nature .of 4.1ie 

prosecretion of any gland cell is u.B.kno'wn. ' It is evident that the ' forma- 
tion of the prosecretion and of the.- active secretion is a complicated 
process. . Cytologists have 'described . certain cytoplasmic structures 
under the name miiochondrm^ the nature, and significance of which were 
for a long time not even surmised. '.It now appears that in gland cells 
these structures play a role in the .formation of the prosecretion. The 
suggestion was made that portions .of: 'the mitochondria break off and, 
migrating outward through the cytoplasm, swell and become the pro- 
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Fiq. 57. — Rabbit pancreas. Gbservation of the Uviiig tissue during the life of the 
animal. Beginning 40 minutes after infection of 1 per cent solution of neutral red, 7 
minutes after the administration of pilocarpine. {From MitscK o/fcr CotelL) 

secretion granules* The work of Hirsch and of his associates indicates 
that this is a mistaken view and that it should be said that the pro- 
secretion granules (basal granules) form in topographical connection 
with mitochondria, as, possibly, condensations of material upon the 
surface film of the mitochondria rather than as integral parts of the 
mitochondria. 

3. Formation and Migration of Granules (See Figs, 56, 57). — The 
granules may remain, after becoming visible, in contact with the mito- 
chondria for 10 to 17 minutes. The granules first show their separation 
from the mitochondria by slight oscillatory movements and then, as 
more and more granules are formed^ by migratory movements toward 
the distal ends of the secreting ceils, traveling at the rate of 1 m in 0 to 8 
minutes, during which time they double in diameter. As the granules 
increase in size, they move more slowly and come to He in the Golgi 
field. 

4. Extrusion '(See Fig. 68).— In spite, of the large amount of investi- 
gation that has been''" bestowed upon;; glandular activity, it must be 
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acknowledged that the story of secretion is far from complete. Varia- 
tions in osmotic pressure, in the permeability of cell membranes, in 
surface tensions at various cell interfaces, and in electrical potential 
during different phases of the secretory process have been noted. Just 
what is cause and what is effect have not yet been made clear. Bums 
has directed attention to the fact that the rate of output of the gland is 
determined primarily by the demand for the particular secretion con- 
cerned, and that the amount of secretion on hand, the possible rate at 
which the secretion may be given off from the secreting cells, and the 
efficiency of the common carrier system may act to modify the rate. 

Secretory Activity of Gastric Cells. — The superficial epithelial cells 
of the mucous membrane in the amphibian and the mammalian stomachs 
are morphologically and physiologically mucin cells. They are dis- 



Fig. 58 . — ^Larva of Musca vomitoria. Two mid-gut cells during the process of secretion. 

(From Patterns “ Vergleichende Physiologie.'') 

tinguished from the ordinary mucin cells only in that they do not break 
open and liberate all of the mucin at once. Their free surfaces are not 
especially differentiated. The droplets of secretion are separated from 
the stomach lumen by exceedingly thin protoplasmic walls, easily tom 
when the secretion escapes. When the secretion is produced slowly, the 
droplets break through one by one. When the secretion is excessive, 
strands of protoplasm are carried out with the droplets of secretion. 
Two types of cells may be distinguished according to their functional 
activity. In very active cells (type 1) there is a well developed 
Golgi reticulum occupying a wide space between the nucleus and the 
secretory pole of the cell. In more active cells (t 3 rpe 2) the secretory 
area extends from the secretory pole toward the nucleus, crowding the 
Golgi apparatus close to the nuclear wall. 

Change of Permeability dnrii^ Bischarge.—The fact that the dis- 
charge of the secretion frequently occurs as the result of direct stimula- 
tion, either chemically or nervously, leads to the question as to what may 
be the effect of the stimulus upon the cell. There is, first of all, an alter- 
ation in the permeability of the cell membrane, and particularly of that 
part of the membrane over : the' distal end of the cell. Hore the permea- 
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biiity is increased so, that substances whieb heretofore have been retained 
within the ceil are now enabled to make their, escape. Only the outer wall 
of the.cell is thus niodifiedy since the secretion always leaves the gland eel! 
indbe direction toward the lumen of the tubule or saccule. 

There is some evidence in favor of the idea that in some cases tin? 
active secretion of a ceil involves the actual breaking down of tiie outer 
portion of the protoplasm of the gland ceils, rather tlian merely a change 
in the permeability of the surface membrane (Fig. 58). In su<*h a 
case the secretion granules are cast into the duct of the glaod^ there to 
break up into smaller molecules. ■■ 

The zymogens are appare.ntly complex molecules of high molecular 
weigiit. At rate, they do not diffuse readily from the cell When 
the cell is stimiilatedj however, there is possibly a splitting of the more 
,€om|)Ie,x molecules of t.lie rather inert secreted substance so that smaller 
.molecules are .formed. This change would .make diffusion from the cell 
more readily possible, and at the -same dime the osmotic p.ress'u:re of the 
substance within the cell would be increased. The result. of this i,acrease, 
of osmotic pressure would be to cause a diffusion of water from the blood 
into the cell. As the water passes through the cell it aids in carrying 
the secretion through the more permeable wall As the secretion reaches 
the lumen of the tube, there is in some cases a further breaking of the more 
complex molecules into simpler ones, with another increase of osmotic 
pressure. This is accompanied by a greater outflow of water from the 
blood stream through the cell to dilute the secretion in the lumen of the 
tube. 



CHAPTER XII 

THE NUTRITION OF ANIMALS 


The purpose of nutrition is to provide (1) the energy for running the 
vital machine and the material for maintaining body heat; (2) the mate- 
rials needed for the renewal of worn-out protoplasm; and (3) materials 
for growth. 

Differences between Living and Lifeless Machines.— In the first 
place, the materials for repair and those for furnishing energy are supplied 
separately in the lifeless machine; in the living machine both are taken 
in as food. In the organic or living machine, combustions take place at 
a slow rate and at a relatively low temperature; in the lifeless machine, 
they usually take place at a much faster rate and at a higher temperature. 
It will be noted also that, in general, the living machine has a higher 
degree of efficiency than the nonliving machine. 

Elements Demanded in the Food Supply.— It will be recalled that in a 
previous chapter attention was called to the fact that protoplasm contains 
a very considerable number of the chemical elements, particularly those 
having the low atomic weights. In that connection the fact was men- 
tioned that more than 95 per cent of the substance of living matter is 
made up of four elemental substances— oxygen, carbon, hydrogen, and 
nitrogen. Among animals the metals calcium, potassium, magnesium, 
silicon, and sodium are always present, though in small amounts. Other 
substances are also found in varying, though always minute, amounts. 
It must, of course, be evident that these substances must appear in the 
food materials taken in, that they must be in such forms as will at the 
same time be harmless and capable of being worked over into absorbable 
forms by the processes of digestion. It is a matter of common knowledge 
that in general, animal cells are not able to make use of the elements in 
their elemental conditions as food substances but that they must be 
provided for the organism in the form of certain rather highly complex 
chemical compounds, proteins, carbohydrates, and the fats. 

Complexily of Foodstuffs Needed. — It has been commonly believed 
and as commonly stated that one of the chief distinctions between 
animals and plants lies in the fact that the animals depend upon highly 
orgam 2 ;ed foodstuffs as their source of supply. Even so recent a volume 
as the third edition of Bayliss^s/* Principles of General Physiology” 
makes this statement:; 

: ' ' m 
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. The animal organism, even in its lowest forms, the protozoa, is satisfied with 
nothing less complex than glucose as a source of carbon. As regards nitrogen, 
the requirements appear different according to the purpose to which it is to be 
put, growth, maintenance, or source of energy. The experiments of Grafe (1912) 
appear to indicate that ammonium salts, in the presence of excess of carboh^^drate, 
may replace wear and tear in the dog and pig, although no tissue is laid on. 

: The protozoa are apt to be^ considered as. very primitive organisms, mdi* 
mentary ancestors of higher animals, because they are unicellular. But although 
there is no doubt that higher animals have arisen in the course of evolution from 
simple creatures of this kind, one must admit that the protozoa, as we have 
them now, are complex, highly differentiated organisms. The amoeba, appar- 
ently, caianot be grown on a culture medium unless it is supplied with bacteria, 
although dead ones suffice. 

As a general rule, we may say that animals, at all events the higher ones, 
require food which has been previously built up by the plant. They feed either 
upon vegetable matter or upon other animals. 

It was believed at one time that animals, at all events the higher ones, required 
nitrogen in the form of more or less complex proteins, but we now have definite 
proof that the products of hydrolysis of proteins, amino acids, will prevent loss 
of nitrogen from the adult animal. 

In view of the practically universal acceptance by biologists of the 
ideas contained in the above quotations, it is a matter of great interest 
to refer to the work of R. A. Peters,^ who has showm that the protozoan 
Colpidium may be cultivated successfully upon a sterile culture medium 


of the following composition: 

Sodium chloride 0.06 per cent 

Potassium chloride 0.0014 per cent 

Calcium chloride 0.0012 per cent 

Basic sodium phosphate 0.0001 per cent 

Acid potassium phosphate 0.0001 per cent 

Magnesium sulphate 0.001 per cent 

Sodium bicarbonate 0 . 002 per cent 

Phenol red Trace 

Glucose 0.03 per cent 

Histidine 0.01 per cent 

Arginine 0.01 per cent 

Leucine 0.01 per cent 

Ammonium lactate 0.003 per cent 

Ferric chloride Trace 

Potassium iodide Trace 

Manganous chloride. Trace 


Various modifications of the culture fluid were made. The experi- 
ments seem to indicate that, when the single amino acids histidine, argi- 
nine, and leucine are, supplied, there is a much more rapid growth than 

1 Needless to say, Peters’ work is being subjected to reexamination \mder moat 

rigorously controlled conditions. 
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when tryptophane is given; also that galactose and iractose, but not 
maltose, can be substituted- for glucose, in the medium. 

As would be expected, no growth will take place in the absence of the 
phosphate. A.mmoiiiuin' glycerophosphate (Kahibaum) was found to 
serve as a complete source of nitrogen, carbon, and phosphate. Ammo- 
nium gtycerate plus ammonium phosphate will serve in the same wa^y. 
Nitrogen, therefore, need not be supplied in a form, more elaborate than 
ammonia.' The following table is a summary of the results of substitu-- 
ting various organic bodies in the place of the glucose, amino acids, and 
lactic acid forming the carbon source of the medium above mentioned. 


Source of carbon 

Growth 

Source of carbon 

Growth 

Carbonate 

Nil 

Glycero phosphate 

Yes 

Formate 

Nil 

Citrate 

Nil 

Oxyiate 

Nil 

Tartrate 

Yes 

■,'Gly collate. 

Nil 

Glucose and lactate 

^ ,"Yes, 

Giycerate. 

Yes 

Leucine (synthetic) ........... 

Yes 






Peters states “It is quite possible that there may be means of 
making Colpidia live on formates, oxylates, or glycolate, but the results 
as they stand show that these protozoa are not dependent upon compli- 
cated chemical bodies for their growth. They show a remarkable inde- 
pendence.^^ This is also the conclusion reached from some experiments 
performed upon the effect of varying some of the inorganic salts. The 
organism, for instance, seems to be widely independent of extensive 
variation in the ratio between calcium and potassium salts, though 
apparently potassium is essential for growth. 

The textbook statement that the animal organism, even in its lowest 
forms, the protozoa, is satisfied with nothing less complex than glucose 
as a source of carbon and of protein as a source of nitrogen appears not 
quite in harmony with the facts. 

The Nitrogen-free Diet of Termites. — Another case of an animal 
w^hich seems able to live for an indefinite period upon a diet lacking in 
complex nitrogen compounds is the termite. There are only a few ani- 
mals which have the power to make use of cellulose (or hemicellulose) as 
food. Among these are the goat, the cow, the horse, and some insects. 
L. R. Cleveland has demonstrated that termites of two genera, Termopsis 
and Retieulitermes, are able to live and to reproduce regularly and nor- 
mally upon a diet consisting solely of cellulose. The number of individ- 
uals in the colonies increased greatly during a period of 18 months, and the 
weight of the colonies increased to more than forty times the original 
weight. The suggestion is made that atmospheric nitrogen is being 
utilized by the aniipals for. the work of protein building, as this seems to 
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be. about the only possib.Ie explanation of their ability to continue Imng 
../as they do. 

Cleveland also calls attention to a symbiotic relation existing, between 
.the, termites' and their intestinal protozoa. Termites deprived of .their 
.intestinal fauna lose the power to live on cellulose or on wood,. w.hile 
those having their original protozoan intestinal fauna or to which it has 
, /been restored are able to digest' wood or cellulose and tO't.hrive upon it. 
Species of., termites belonging to the Mastotermitidae, Kalotermitidae, 
and..Rhi.notermitid'ae harbor a teeming menagerie -of intestinal p.rotozoa. 
Most species of the.Termitidae examined had no protozoa, but some of' 
these give over a portion of their nest to the growth and cultu^atioii of a 
fungus which they eat along with soil, cellulose, and hemicellulose upon 
which the fungus acts. When they eat wood, it is usually much more 
decayed than that which the protozoa-harboriiig families eat. If they 
can digest cellulose, it is probably because of certain fungi or spirochaetes 
which they harbor in their intestines. When individuals of Reticuli- 
termes are freed of their intestinal protozoa by incubation at 36^C. for 
24 hours, they usually die within 3 weeks. The actual length of time 
required for death, however, depends upon the food eaten; the more 
decayed the wood, the longer they live. The fact that the incubated 
termites live much longer, if not indefinitely, on a predigested diet of 
humus or fungus-digested cellulose than on their normal diet of partially 
decayed wood, indicates that the incubation itself is not responsible for 
their death. When the protozoa are restored, the incubated termites 
are able to eat their normal diet of wood, and live on indefinitely. The 
termite and its protozoa, then, are true partners or symbiotes; the 
termite chews and swallows wood, which the myriads of protozoa in its 
intestine digest for themselves and for the termite that shelters them. 
By the use of starvation and oxygenation methods, selective elimination 
of species of the intestinal protozoa may be accomplished. It has 
been demonstrated that certain species (Trichonympha, Leidyopsis) 
are more valuable to the host than others (Trichomonas), while some 
(Streblomastix) are of no value. 

Cellulose as Food for Roaches, — The same investigator has also 
shown that every individual of the large, primitive, wingless, wood- 
feeding roach Cryptocercus punctulMm Scudder, of the Appalachian 
mountains, harbors in very great numbers several genera of undescribed 
hypermastigote and polymastigote protozoa. When deprived of its 
wood-digesting protozoa and fed partially decayed wood or cellulose, the 
roach dies within 2 or 3 weeks if not reinfected, but when fed completely 
decayed wood, it is able to live for 2 or 3 months. 

This roach, like termites, is able to live on cellulose, but when fed 
other carbohydrates, its protozoa die, and their death is followed shortly 
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by the death of the roach. The protozoa, then, are not only able to 
digest cellulose, but this appears to be the only carbohydrate which 
■most of them can utilize. 

The protozoa of this roach are closely related to termite protozoa 
and many of them are capable of living in termites (Termopsis), but 
they resemble the protozoa of one termite no more than those of another 
and are no more closely related to the protozoa of termites from the 
Appalachian region than to those from other regions. They are probably 
the ancestors of termite protozoa. If so, the symbiosis between them 
and the roach has been established a very long time. It may be older 
than that of termites. 

Chemical Cycles in Nature* — ^For ages past men have recognized and 
emphasized some of the differences which distinguish living from non- 
living things. Therefore, the inorganic world and the organic world 
have come to be discussed. In the one group there are to be found the 
stable substances of inorganic chemistry; in the other are organisms which 
are active and dynamic and which carry on definite metabolic processes. 
There seemed to the thoughtful men of former days — and to some even 
now — to be a definite break in the line of continuity between these two 
groups of substances. At the same time it was recognized that the 
material substances of the organic realm are derived from the substances 
of the inorganic realm. It was also recognized that in due time these 
substances which enter into the composition of the organic beings return 
to the inorganic realm from which they came and eventually become 
available for the use of some other organism. It has, therefore, become 
customary to speak of the cycles through which various substances 
pass from the inorganic to the organic and back again. Of these cycles 
the nitrogen cycle and the carbon cycle are the most conspicuous. To 
these should be added the water, oxygen, sulphur, and phosphorus 
cycles — ^less conspicuous but no less important. In time, other cycles 
ma 3 ^ be discussed, as iron, iodine, sodium, calcium, potassium, etc., 
for it is perfectly clear that all of the substances which enter into the 
composition of the animal or plant substance come from the inorganic 
environment and ultimately return to it again. 

The Water Cycle* — Not only does water constitute a very large and 
important part of the environment of the lower organisms and a very 
constant part of the cellular environment of the higher and more complex 
organisms, but it is a very large and important component of all living 
protoplasm. The protoplasm of some of the marine forms may contain 
95 per cent or more of water. In land animals the percentage of water 
found in the protoplasm is less, but in all organisms it is an essential 
part of the colloidal protoplasmic structure. This water, which forms 
an integral part of the protoplaam, should be distinguished from the water, 



TEE NUmmON OF ANIMALS 


Ml 


contamed witMn the organism, which serves simply as a vehicle for the 
transport of various, chemical substances throughout the plant, or animal 
body. The' water within the transport system may or may not become 
a part of the active, living protoplasm of the ceils. 

: , From the lowest animals to the highest there is not only the existence 
of a high water content, but there is a more or less constant flow of water 
through the organism; There is an intake of water from.' the..emdron- 
.ment, usually into the alimentary .system.. ' Some of this water is, absorbed 
and taken into the transport system of the body. From the vessels of 
the transport system it diffuses into the open tissue spaces and comes to 
form for a time the watery cellular environment. It is then absorbed 
into the living cells and comes to be a part of the protoplasmic colloid. 
Later it is returned to the outside of the cells, back into the transport 
system, and afterwards is eliminated from the body. During its passage 
inward it may serve as a carrier for food or oxygen; on its way from the 
cells to the outside it may serve as a carrier for organic wastes. As a 
part of the protoplasmic structure, it is only transitory. 

The Carbon Cycle. — There is in the earth’s atmosphere a small 
but very constant portion of carbon dioxide. This amounts, over 
broad land areas, to about 0.04 per cent of the atmosphere. Over the 
ocean it is somewhat less, due to the absorption of the carbon dioxide 
by the sea water. This small percentage really amounts in the aggre- 
gate to the almost unbelievable amount of 2.5 X 10^^ tons in the air 
surrounding the earth. In addition to the carbon dioxide contained in 
the air there is an additional amount contained in solution in the waters 
of rivers, lakes, and oceans, perhaps twenty times as much. Probably 
this carbon dioxide had its origin in volcanic actions. From these stores 
in the air and water come all the carbon which is to be found in living 
matter. 

It is not practicable here to enter into a general discussion of carbon 
exchange upon the earth, but the part of this exchange which has to do 
with the life processes of animals and plants is of particular interest. 
There is no other element which shows the same versatility in the forma- 
tion of compounds as carbon. The number, variety, and complexity 
of the carbon compounds are unrivaled elsewhere in the whole range of 
chemical activity. 

While the concentration of carbon dioxide in the atmosphere is small 
it is sufficient to meet the needs of the green plants. Under the influence 
of sunlight plants absorb carbon dioxide from air or water by means of 
their chlorophyll and build it up into a great variety of substances, such 
as sugars, starches, fats, oils, etc. ; or through the activity of protoplasm, 
build it up with nitrogen into proteins. These substances, synthesized 
by the plants, may be directly oxidized through processes of decay, or 
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through combustion, thus returning carbon dioxide directly to the atmos- 
phere, or they may be consumed by animals, digested, absorbed, and built 
up into fi niTna ] substances. These, in turn, will be oxidized and returned 
to the atmosphere as carbon dioxide. In either case a living organism 
forms a portion of a cycle involving both organic and inorganic. Of 
course, it may be said that not all carbon dioxide passes through the 
cycle, but such as does eventually returns to the atmosphere from which 
it came. The main features of the carbon cycle are graphically shown 
in Fig. 59. 

The Oxygen Cycle. — ^Atmospheric air contains approximately 21 
per cent of free oxygen. This oxygen is directly related to the carbon 



dioxide of the atmosphere and by many authors is considered to have 
been derived and gradually accumulated from the carbon dioxide through 
the agency of the green plants in their work of photosynthesis. Such 
atmospheric oxygen, taken from the air or from solution in water by 
living organisms, is used in the oxidative processes of the animals and 
plants and then returned to the environment in combination with carbon 
as carbon dioxide. Later it is split by green plants, the carbon being 
used in the synthesis of sugars and starches and the oxygen being released 
to the environment, where it may be used in the oxidative processes of 
animals. 

The Nitrogen Cycle. — ^AII living things are characterized by the fact 
that they are largely made up of certain nitrogenous substances known 
as proteins. Lotka calls attention to the fact that in the human body 
nitrogen : carbon: : 1 :3, while m the ato^ nitrogen : carbon : ; 5500 : 1. 

Nitrogen is very generally recognized as being an exceedingly inert 
element. It does not readily enter into combination with other sub* 
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stances. It is very difficult for animals to make use of nitrogen unless 
it is provided in the, form of certain very definite chemical compounds— 
and. nitrogen in such' combinations is not overabundant. Plants, espe- 
cially the green algaCj are better able to utilize nitro,gen than .are the 
animals. The amount of nitrogen in the atmosphere^ howeveiy which is 
in a form that can be utilized by . plants or anim.als is genera.liy considered 

1 

to be .very .small,, probably not more than of the, total amount 

present. ' This is in the form of nitiites, which, ' carried to the earth by 
rain or in, dew, serve to furnish 'a meag-er food supply Tor algae, and 



(Urea,elc.) 

Fig. 60. — The nitrogen cycle. 

possibly for other plants as well. It is usually held that the nitrogen of 
the atmosphere in its molecular form cannot be utilized by plants for food 
purposes. Some experiments by Benjamin Moore seem to indicate that 
even such nitrogen may, in the absence of nitrogen compounds, be 
utilized, even by some of the higher plants, for protein building. 

The nitrogen of the atmosphere may be put into usable form for plants 
by means of the so-called nitrogen fixers. Among the nitrogen fixers 
are to be noted an anaerobic bacterium Clostridium, an aerobic form 
Nitrobacter, and the root nodules or tubercles of the leguminous plants. 
The value of the root nodules in adding nitrogenous compounds to the 
soil and in providing such compounds to the plants for protein building 
depends upon the existence in the nodules of certain forms of bacteria 
which are really responsible for the work of nitrogen fixation. 

A glance at the diagram (Fig. 60) will give a picture of the further 
process involved in the nitrogen cycle. The nitrogen in usable form, 
nitrates, or even in the form of ammonia, is built up by the cells of the 
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green plants into plant proteins. These may be eaten by animals and 
be transformed into animal proteins, which then pass on as hitrogenmis 
wastes, or the plants themselves may suffer decay, and along with the 
animal residues reach the stage of ammonia compounds. Through the 
action of Nitrosomonas, the ammonia is converted into nitrites, and 
through the agency of Nitrobacter the nitrites are changed to nitrates. 
The nitrates may be utilized as food by plants or through the action of 
denitrifying bacteria may be returned again to the atmosphere as molecu- 
lar nitrogen. 

It is to be noted that animals have not the same freedom as to the 
source of their nitrogen as have the plants, but are almost wholly depend- 
ent upon proteins which have been elaborated by the plants. It has 
been shown within recent years that some of the protozoa are able to make 
use of nitrogen-containing salts in their diet instead of being restricted to 
the use of the plant proteins. This fact, referred to in another place in 
this work, serves to break down one of the much-emphasized distinctions 
between the animal and plant groups. 

The Phosphorus Cycle.—One of the most important elements for 
animal and plant cells is phosphorus. It occurs especially in the nucleo- 
proteins. The actual amount of phosphorus in any living animal is not 
large; e.gr., there are only about lb. of phosphorus in an adult human 
being. The phosphorus occurs in the soil in the form of P2O5. This 
is taken up by plants and built into the plant proteins. These, in 
turn, are consumed and utilized by animals. Or the phosphorus com- 
pounds of the soil may be taken by streams to the ocean, which may 
be considered as a dilute solution of P 2 O 6 (0.005 per cent) and thus a 
nutrient medium for marine algae and other marine plants. Lindgren has 
given an interesting paragraph concerning*the circulation of phosphorus 
in nature: 

In the sea water the blue-green algae concentrate phosphorus, certain mol- 
luscs or crustaceans feed on the algae, and other meat-eating molluscs devour the 
vegetarians. Small fishes eat the molluscs, large fishes eat the small, finally 
seals and birds swallow the fishes, and so in about six transformations the phos- 
phorus originally contained in the sea water may come to rest in deposits of guano 
on desert islands or in accumulations of bones of vertebrate denizens of the sea 
(“Economic Geology/^ 1923). 

; It has further been pointed out that phosphorus becomes increasingly 
important as animals ascend the evolutionary scale. At any rate, it is 
very generally true that the higher animals contain larger amounts, 
relatively, of phosphorus 4han the lower. This fact may possibly be 
correlated inth a larger proportion of nucleoproteins and of phospho- 
lipihs in the nervous systems of the higher forms. 
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Foods —It is customary to think of food as any substance which is 
taken into the substance of an organism for the purpose of growth or 
repair and for the maintenance of the so-called vital processes. The 
substances employed as food must be of such a character that they may 
be readily modified to meet the needs of the organism, and they must be 
harmless. Many substances which might be readily absorbed by the 
organism might prove to be harmful, and many harmless substances 
might prove to he difficult for the organism to handle. The number and 
the character of foodstuffs are, therefore, somewhat limited. Also the 
characters of proper food substances for animals are different from those 
proper for plants, and even among animals it is found that not all can 
make use of the same food substances to good advantage. 

Brief Classification of Food Substances. — The materials employed 
by animals are of a rather restricted group and may be classified as 
follows: (1) inorganic food substances (water, inorganic salts); (2) 
vitamins; and (3) organic food substances (proteins, carbohydrates, fats, 
and oils). 

Water as Food. — The constant need of every animal body for water 
is almost self-evident. Water is not alone the vehicle by which ail 
primary foodstuffs are brought to the cells of the animal body, but the 
vehicle by which all cell wastes are removed from the cells. It is the 
agency by which diffusion through the cell membranes take place. No 
substances can enter the cells or leave them except in the form of dilute 
aqueous solutions. Also it must be remembered that the living proto- 
plasm is of the nature of a colloidal solution, of which water forms a most 
important part of one phase. The amount of water held by different 
tissues varies. Some animals, such as the marine jellyfishes, are almost 
entirely water, and have beefi referred to by some authors as animated 
sea water. From such an extreme case, in which the percentage of water 
entering into the composition of the body may reach 98 per cent of the 
total body weight, pass to the pther extreme, bone, which may contain 
as much as 40 per cent water. In between these values are found blood 
(mammalian) containing more than 90 per cent water; liver cells, 75 per 
cent; nervous tissues, 85 per cent; and muscle, 75 per cent. 

Hawk has made a study of the effects of decreased and of increased 
ingestion of water. When ingestion of water was decreased below a 
certain minimum in human beings, there were headache, loss of appetite, 
digestive disturbances, and inability to do accurate chemical work. 
On the other hand, ingestion of nothing but water during a number of 
days was accompanied by a distinct sharpening of the mental faculties. 
Of course, such a condition could not continue for more than a relatively 
short time. 
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Various chemical processes taking place in the body depend upon thd 
presence of water. In some chemical changes taking place within the 
body, water enters into the reactions. Hydrolysis and dehydrolysis are 
terms iLsed to signify the taking up and liberating of water during these 
reactions. 

Hawk illustrates the importance of water in the following paragraph: 

A good illustration of many of the important relationships of water is afforded 
by the life history of protein, from its ingestion to the excretion of its waste resi- 
dues. We know that proteins are absolutely essential to the proper nourishment 
of the human body. In practically all forms in which they are ingested by man 
they contain water. When they reach the stomach they come in contact with 
the gastric juice, which is 98 per cent water. They are there acted on by pepsin, 
a proteolytic enzyme which causes the protein molecule to take on water and 
break down into substances of a simpler structure than the original protein. 
These protein cleavage products are then carried into the intestine where the 
acid of the gastric juice is neutralized by the sodium carbonate present in the 
aqueous solution we term the pancreatic juice, water being formed in the proc- 
ess of neutralization. The enzyme trypsin of the alkaline pancreatic secretion 
then acts upon the protein cleavage products, adds water to their structure, and 
splits them into still simpler substances. The intestinal juice, which is 98 per 
cent water^ now lends its assistance and the enzyme erepsin of this secretion aids 
by a hydrolytic process in the production of the final cleavage products, the amino 
acids. These crystalline acids with the help of water now pass through the walls 
of the intestine into the blood, which is over 90 per cent water. Borne along by 
the blood stream these amino acids are quickly transported to the various tissues 
and organs of the body. Such of the acids as are needed for cell construction are 
linked together to form the basis of new cell protein, water being a by-product 
of the synthesis. Such of the amino acids as are not needed for this purpose 
are shorn of their nitrogen by a deamination procedure, the amino acid being 
thus split into two portions, one nitrogenous, the other carbonaceous. The 
ammonia formed from the nitrogenous part is passed into the blood, where in 
the presence of carbonic acid ammonium carbonate is formed. By the removal 
of water from this carbonate we obtain the corresponding carbamate and, by 
the removal of water from the carbamate, urea results. The urea is then removed 
from the blood by the kidneys and excreted in an aqueous solution, the urine. 
In the meantime the carbonaceous portion of the amino acid has been oxidized 
in the tissues to yield energy, water and carbon dioxide being the final products of 
this combustion. 

Water Storage in the Animal Body . — It is of interest to note the 
sites in the animal body which are utilized as water depots. In cats 
which had been anesthetized with ether, hemorrhage caused the skin, 
muscle," intestine, spleen, and liyer to give up water. Of the water 
entering the blood after 30 minutes, about 78 per cent came from the 
skin and subcutaneous tissue, IQ cent from muscle, 8 per cent from 
Hver, 2 per cent from the intestine, and 0.03 per cent from the spleen. 
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TMrty minutes after injecting hypotonic solutions, of the water leaving 
the blood stream, 36--40 per cent was found in muscle, 23 per cent in 
liver, 8 to 12 per cent in skin, 6 to 13 per cent in intestine. With isotonic 
solutions, however, little seems to enter muscle. Of the entire amount 
leaving the blood stream, 27 to 30 per cent was found in the skin, 19 per 
cent in liver, 8 to 10 per cent in intestine, and none in muscle. 

Inorganic Salts as Food.— Every organism needs not only the organic 
materials involved in the building of new protoplasm, but it needs also a 
variety of purely inorganic substances. The chlorides, sulphates, and 
phosphates of sodium, potassium, and calcium or the materials out of 
which these can be made are essential. The cells of the animal body 
are the descendants of cells which, through long experience, had become 
adjusted to a certain salt balance in their surrounding medium. The 
salts serve the purpose of maintaining suitable osmotic relations about 
the cells and provide a balanced solution in which the various cells of 
the body can carry on their reactions in a normal way. As a matter of 
fact, the normal life of the cell consists not merely in the changes which 
take place within the cells but rather of these plus the interaction between 
the cells and their environment. It is true also that the protein sub- 
stances entering into the composition of protoplasm are not all soluble in 
pure water but are all soluble in dilute salt solutions. These salts enter 
definitely into the composition of living matter, and as one bit of living 
matter is destroyed or made over into something else, new salt supplies 
are needed for the building of new living substance. 

The Vitamins. — The vitamins are substances which are essential 
in small amounts to the diets of the higher animals (and very likely 
of the lower) in order that they may be able to utilize to the best advan- 
tage, for growth and health maintenance, the organic foodstuffs ingested. 
Lack of vitamins in the food supply leads to what are known as deficiericy 
diseases. Nothing is known concerning the roles the vitamins may play 
among the invertebrates. Certain facts are known concerning their roles 
in birds, mammals, and man. At the present time eight vitamins are 
known. McCarrison has formulated a statement of principles concerning 
the relation of the vitamins to diet and metabolism, of which the following 
is a paraphrase: 

Vitamins are constant constituents of living tissues. Although 
present in very small amounts, maintenance of health is dependent on 
their action; the^^ do not themselves contribute to the energy supply 
of the body but facilitate utilization by it of proteins, fats, carbohydrates, 
and salts of food. Proteins, fats, carbohydrates, and salts cannot support 
life without vitamins, nor can vitamins support life without these 
proximate principles; they are complementary to each other. Without 
vitamins the body starves. 
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A distinet relationship exists between the amount of vitamin required 
and the balance of food in protein, fat, carbohydrate, and salt, the 
efficacy of the vitamin depending on the composition of the food mixture. 
A distinct relation also exists between the amount of vitamin required 
and the rate of metabolic process. Each vitamin plays a specific part 
in nutrition. 

All vitamins are concerned in the maintenance of orderly balance 
between the catabolic and anabolic cellular processes. One vitamin 
cannot replace another, although its function may be interfered with by 
the absence of the other. The final result of their deficiency is the same, 
whatever the degree of deprivation. The greater the deprivation, the 
more rapid is the onset of symptoms due to it; the lesser the deprivation, 
the slower is the onset of the symptoms due to it. Vitamins influence 
markedly the production of all endocrine and exocrine secretions. Espe- 
cially does each vitamin exercise a specific influence on the adrenal 
glands; the effect of their deprivation on these organs is one of the most 
outstanding features of deficiency diseases. 

There is reason to believe that the capacity of any given cell for work 
or in resisting infection is impaired in proportion to the degree of vitamin 
starvation. 

Vitamins, especially vitamin B, induce in the human and animal 
body the desire for food. They constitute a link in the chain of essential 
substances requisite for harmonious regulation of chemical processes of 
healthy cellular action. If the link be broken, harmony ceases or becomes 
discord, as it may cease or become discord if any other link is broken. 

Vitamins are the spark which ignites the fuel mixture of a petrol- 
driven engine, liberating its energy; a spark is of no use without fuel, nor 
fuel without spark — ^nay more, the efficacy of the spark is dependent in 
a great measure on the composition of the fuel mixture. What happens 
(when the body goes sick in consequence of deficient food, usually ill- 
balanced) is this: In the absence of vitamins or in the case of an inadequate 
supply, proteins, fats, carbohydrates, and salts are not properly utilized; 
some are largely wasted, others yield products harmful to the organism. 
In these circumstances life may be sustained for a longer or shorter 
period, during which the body utilizes its reserve stores of vitamins and 
sacrifices its less important tissue to this end. But there is a limit 
beyond which such stores cannot be drawn upon, and once reached, the 
cells of higher function — secretory, endocrine, and nerve cells — ^begin to 
lack vigor and depreciate in functional capacity, although the tissues 
may hold considerable stores of vitamin. The disintegration process is 
delayed or hastened, lessened in severity in one direction or increased in 
another, according to whether the food constituents are well- or ill- 
balanced and according to the character of lack of balance. 
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The lack of vitamins^^^^^ the calcium metabolism.; puts an end 
to regenerative processes; involves the cells of higher function, causing a 
functional depression of many, and death or failure of a few. The car- 
dinal effect is depreciation of cellular function, and this depreciation is the 
foundation upon which disease is built. 

This conception of the function of vitamins holds out promise in the 
cure of disease due to or favored by their deficiency in food; for though 
they cannot restore to life cells already dead, they can restore to normal 
the depressed functional capacity in the general mass of the cells of the 
body. The conception that vitamins provide the cells of the body with 
power— one might almost say will— to do work has this great merit, that 
it furnishes a working hypothesis on which to frame treatment. 

The author is indebted to Dr. V. E. Levine, Creighton University 
School of Medicine, for the materials from which the following statement 
has been derived. 

A. The Watbe-soluble Vitamins 

Vitamin Bi. Synonyms, — Water-soluble Bi, antineuritic vitamin, antiberiberi 
vitamin, appetite-stimulating vitamin. 

Biologic Functions , — ^Promotes growth; stimulates appetite; is essential for normal 
nuclear metabolism, for the maintenance of the gastrointestinal tract, for maintenance 
of normal heart rate and normal blood jpressure, for normal reproduction and lacta- 
tion, for the normal functioning of the nervous system; is concerned in the inter- 
mediate metabolism of carbohydrate, and specifically in the oxidative removal of 
lactic acid arising from muscular activity ; and increases resistance to infection. 

Vitamin B2. Water-soluble Bs, vitamin G, antipellagra vitamin, 

antidermatitis vitamin. 

Biologic Pundions.— Essential for proper functioning of the gastrointestinal tract, 
for normal nutrition and maintenance of the cutaneous system, and for normal 
maintenance of the visual apparatus; and is involved in the normal hematopoiesis. 

Vitamin Bs. Biologic Functions , — Promotes growth in the pigeon. Pound in 
Cereals: Whole wheat, wheat germ, and in yeast. 

Vitamin B4. Biologic Functions , — Promotes growth in rats; is essential in neuro- 
muscular equilibrium; and is required for the production of litters. 

Vitamin C. Synonyms, — Water-soluble C, antiscurvy vitamin, antiscorbutic 
vitamin. 

Biologic Functions , — Required for the formation and maintenance of intercellular 
cement substance, and for normal bone and tooth formation and maintenance. 

B. The Fat-soluble Vitamins 

Vitamin A. Synonyms. — Fat-soluble A, antiophthalmia vitamin, antkeroph- 
thalmia vitamin, anti-infective vitamin. 

Biologic Functions , — Essential for the maintenance of epithelial tissue; increases 
the resistance to infection, particularly of the upper and lower respiratory tract and 
the renal tract; maintains appetite and normalizes the process of digestion; essential 
for normal reproduction, lactation, and rearing of the young. 

Vitamin D. Synonyms. — Fat-soluble D, antirickets vitamin, antirachitic vitamin, 
bone-building vitamin, sunshine vitamin. 
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metabolism of ealcium and phosphorus; 
builds bone and teeth by regulating the absorption and assimilation of oalcium and 
phosphorus; is essential for muscular action and neuromuscular equilibrium through 
the control and supply of calcium ions in the blood. 

Vitamin E. jSt/nonyms.-— Fat-soluble E, fertility vitamin, antisteriiity vitamin. 

Biologic Functions . — Promotes growth after sexual maturity and is essential to 
the maintenance of the germinal epithelium of the testes, to normal placental function, 
and to the maintenance of the volimtary muscles. 

Dependence of Endocrine Glands upon Vitamins . — The endocrine 
glands show a remarkable dependence upon the presence of the various 
vitamins and of certain other chemical substances which must be included 
in the food supply in small amounts. Berman, especially, has pointed 
out the fact that the activities of endocrine glands are conditioned as 


follows: 

Gland Conditioned bt 

Thsnroid Iodine and tyrosine 

Parathyroid Calcium and vitamin D 

Anterior pituitary Manganese, histidine and vitamins E and B 

Posterior pituitary Histidine, water and vitamin B 

Ovary.... Vitamins A, B, and C 

Testis Tryptophane, lysine, and vitamin E 

Placenta.... Vitamin E 

Adrenal Vitamins A, B, C, G, possibly D and E and magnesium 

Pancreas Cystine and sulphur 

Thymus Vitamin B 


Nutrition of Different Animal Groups. — It must be assumed that the 
student is familiar with the general structure and habits of the forms 
mentioned. If any doubt exists concerning such matters, a good text- 
book of zoology should be consulted. The limits of the present work 
are such as to make any discussion of the more common anatomical 
details impossible. 

Food-taking Habits. — Animals vary greatly as to the manner in 
which they ingest their food. The following classification, while perhaps 
not complete, will serve to call attention to some of the main varieties 
of food taking: 

1. Animals that ingest, gulp or bolt, food without breaking it up. 

а. Microphages. — Many protozoa and many representatives of 
, moUusks, crustaceans, tunicates,.etc. which live upon small food particles. 

б. Those that swallow food whole, or in large masses (many coeien- 

: ; c. Those that suck their food (leeches, parasitic copepods, many 
: 2, Animals that break up food as a preliminary to ingestion, i.e,y 

a. Those that turn stomachs out through mouth and digest food 
outade of body (starfish^). 



' 5. Those that parts, adapted for xasping off from 'food 
masses small bits which are then taken in through month (many 
mollusks).,"'' 

c. Those provided, with teeth for ■tearing, cutting, and grinding food 
into small bits which may then be swallowed. 

The Food. Cycles,— Earlier in- this chapter attention :Was called to 
certain chemical cycles in nature. The circulation of food materials 
must now be mentioned. The human being is able artificially to adapt 
food products to his own needs ■ the animal living in the open is limited 
to the natural food equilibrium. Such an equilibrium is conditioned by 
the continuous origin of a primitive food supply as well as by the numbers 
of different kinds of animals which must directly or indirectly secure their 
nourishment from this supply. In such an equilibrium, a given species 
is able to maintain a definite number of individuals upon the available 
food supply— and in its turn serves as food for definite numbers of other 
species of animals. One may imagine a lake or ocean so large that the 
influence of the shore may be disregarded. In such a realm, the surface 
layer is the region in which the primitive food supply has its origin, i.e., 
it is the region into which sunlight penetrates sufficiently to enable 
phytoplankton to carry on processes of photosynthesis. Here the micro- 
scopically minute plants (unicellular algae) produce organic compounds 
which must maintain the collective life of the ivater. These plankton 
algae are eaten by small animals adapted to life at the water surface. 
These animal plankton serve as food for still other animals, too numerous 
to follow in detail. One group may be the plankton-eating fish. Such 
fish serve as prey for the other more voracious fish. At the same time 
there is a continuons shower into the deeper water of small particles 
from dead and disintegrating plant and animal plankton as well as from 
excrements of surface animals. These particles falling to the bottom 
serve as food to other fauna, the slime feeders. Many protozoans and 
animals, such as sponges, various worms, mussels, sand dollars, crus- 
taceans, etc., living on the bottom, take up as food many of those particles 
and then themselves serve as food for coelenterates and fish, especially 
flounders. While the life at the surface thus contributes to the support 
of forms at the bottom, the life above cannot exist without certain 
materials furnished from the sea or lake bottom. Bacterial action upon 
the bottom slime results in the formation of nitrates out of the nitrogen- 
containing compounds fallen from the surface. These nitrates pass into 
solution, circulate again to the surface, and provide an essential com- 
ponent of the aquatic food supply for the phytoplankton. 

Nutrition of the Protozoa.— -The protozoa are apt to be considered 
as very primitive organisms, rudimentary ancestors of higher animals, 
because unicellular. While the Wghe^ animals have, no doubt, arisen 
from simple creatures, it must be mmntained that many of the protozoa 
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are now complex, highly differentiated organisms. They are certainly 
much more differentiated than the earlier, primitive structures which 
first exhibited the properties of living matter. Of course, there is no 
definite idea as to the appearance of the first living matter, but it is safe to 
assume that it did not closely resemble the complex of cytoplasm and 
nucleus, chromatin, ectoplasm, and entoplasm which is thought of at 
the present time as the simplest of living forms. It undoubtedly had, 
too, simpler habits of life than the protozoan of the present day. For 
example, the amoeba of the present cannot be grown upon a culture 
medium, unless supplied with bacteria, though dead ones suffice. This 
means that a supply of protein is essential for the growth of amoebae. 
Some of the recent work of Peters goes, however, to show that some of 
the protozoa can be grown in culture media lacking food matter in the 
form of protein. 

The food materials taken by the protozoa are partly of plant and 
partly of animal origin. Amoebae feed for the most part upon plant 
food, such as bacteria, algal filaments, etc. The heliozoa feed only upon 
animal food. Ciliated protozoa ingest any particles contained in the 
liquid surrounding them, without reference to their usability as food. 
This conception, likely to be gotten by any observer of the behavior of 
the ciliated protozoa, has been contradicted by Metalnikow, who makes 
the statement that the Paramecium at least has a certain power of 
discrimination and of selection of the food particles which it will allow to 
enter the body. 

Food of Rhizopods. — The character of the food of the deep-sea 
rhizopods offers some difficulties. It has been held, particularly by 
some of the English zoologists, that complex substances of a particulate 
character would be entirely lacking at the bottom of the deep sea and 
that therefore these animals would be obliged to satisfy themselves 
with food substances in solution. Thomson expressed the view that as 
the result of the constant decomposition of plant and animal tissues the 
sea water of the depths must be of the character of a thin solution of 
protoplasmic decomposition products. Biitschli, on the other hand, 
showed that formed decomposition products of the fauna and flora of 
the coast regions were finally taken to the deep sea, and also that the 
deep-sea bottom maintains a sufficiently varied animal life of higher 
organization to maintain through its decomposition products a food 
supply for such rhizopods as demand formed mitritive particles. 

The process of food taking in other rhizopods is similar to that of 
amoebae. The pseudopods may be of widely different forms, lobose, 
finely formed threads, or tree-like in appearance. If the nutritive bodies 
be active infusorians, they stimulate by their contact with the rhizopod 
bodies the pouring out of a stioky secretion which is augmented by the 
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added stimulus of attempted escape, so that the potential food particle 
sticks tighter and is then finally drawn into the protoplasm. 

Feeding Experiments upon Protozoa. — Ever' since the ^ time of the 
Count of Gleischen-Russwurm (1777), feeding experiments upon the 
protozoa have been carried on by many investigators. Any systematic 
review of the history of the observations upon the feeding of the protozoa 
would be a long task. A mention of a few of the more important observa- 
tions may not be out of place. Corti was one of the first to point out the 
difference in appearance between fasting and well-fed protozoans, Stylo- 
nichia being the example mentioned. It was observed that the fasting 
individuals had a clearer, less granular appearance. 

Ehrenberg showed that when protozoa are fed upon carmine particles 
these come to lie in food vacuoles. This seemed to him to indicate that 
the protozoan was equipped with a complete digestive system, or tract, 
from which the food vacuoles depended like grapes from a stem. The 
incorrectness of this view was not appreciated as late as 1859, for, in 
Goadby’s Vegetable and Animal Physiology,” on page 98, can be 
found what purport to be careful sketches of the alimentary systems of 
Vorticella and Stentor showing the food pouches hanging from the sides 
of the main alimentary tube. It is now known that this conception of 
the alimentary system of these forms is not well founded. A fuller 
account of the formation of the food vacuoles will appear in a later 
paragraph. 

Peptic Digestion of Myxomycetes. — In observations upon myxomy- 
cetes, Krukenberg found that the glycerine extract of certain of the 
myxomycetes contained a very powerful peptic ferment, i.e., one which 
has the power to split proteins when in an acid medium. It is possible to 
extract this ferment from the plasmodium by means of 0.2 per cent HCl, 
weak vinegar, lactic, acetic, and tartaric acids. He was not able to 
account for the presence of a peptic ferment because the protoplasm of the 
plasmodium always appeared to be alkaline in reaction, and a certain 
strength of acid is essential for the proper activity of peptic ferments. 
This difficulty was later cleared up, as will be seen. He noted also that 
at 40^0. his glycerine extract developed a much more energetic action 
than at 12 to 20'^C. He also found that by heating to for 2 hours 
the extract became inactive. The digestive power of the myxomycete 
extract appeared to surpass that of some other peptic ferments which 
Krukenberg secured from invertebrate animals, in that it was capable of 
digesting not only raw but cooked fibrin to proteoses and peptones. 

Food Vacuoles : Reactions. — It was noticed by Oelakowsky that the 
digestive vacuoles of the plasmodium of the myxomycetes do not always 
have the same reaction, there being # the same time in the same individ- 
uals vacuoles showing an acid reaction and those showing an alkaline 
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reaction. He found also that saturation of the plasmodia with solutions 
of mineral or organic acids, in such concentrations that they did not inter- 
fere with the life of the cells, had no effect upon the rate at which the 
digestive processes took place, while saturation with sodium carbonate 
solution of 0.05 per cent strength or with sodium bicarbonate solution of 
0.1 per cent had a marked accelerating effect upon the rate of digestion. 
He observed also that washing out of the alkali by means of water did not 
counteract the accelerating effect, and hence concluded that the effect of 
the alkali was not upon the digestive process directly but that the alkali 
acted as a stimulus for the production of larger amounts of the appro- 
priate digestive enzymes. 

Starch Digestion. — There seems to be some difference of opinion as 
to the degree in which starch granules can be taken up and utilized by 
m 3 rxomycete plasmodia. Krukenberg failed to find any starch-digesting 
ferment in any of these forms. DeBary gives an account of the work of 
Wortman, from which it is learned that starch granules taken up by the 
protoplasm of Fuligo become strongly corroded during the course of a 
day. This led him to accept the work of Kuhne concerning the presence 
of diastatic ferments in the protoplasm of some of the lower organisms. 
He also noted in the plasmodium of Fuligo the presence of a ferment 
having the power to dissolve cellulose. Celakowsky and also Lister noted 
that certain of the myxomycete plasmodia were able to digest cooked 
starch while they failed utterly to digest the uncooked starch. Hartog 
and Dixon found in the large protozoan Pelomyxa, in addition to a peptic 
ferment, a diastatic ferment, which would quickly change starch into 
erythrodextrin, while sugar building was carried on only in a very hesi- 
tating fashion. 

Hemmeter brought a large mycetozoan, which had taken up a quan- 
tity of all kinds of particles from its surroundings, into distilled water 
which was frequently changed. Gradually the plasmodium freed itself of 
the foreign bodies and finally became cleared of algae, bacteria, iiffusoria, 
etc. If these starved protozoans were then fed with sterile food, such as 
dried albumin or aleuron grains, it was found that the process of digestion 
took place so rapidly that there was no evidence of a vacuolar structure, 
or it was present only to a very slight degree. If the dry albumin was 
moistened with hay infusion which was rich in bacilli and was then 
fed to the protozoan, there resulted, after overfeeding, a condition of 
rich vacuolization. Hemmeter suggests that the outpouring of an acid 
liquid into the vacuoles perhaps caused the death of the bacteria, which 
had been ingested, and the disinfection of the food. If this contention 
should be found to be correct, there would be established an analogy to 
the assertion that the main function of the hydrochloric acid of the gastric 
juice is an antiseptic one; The free acids are among the strongest anti- 
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septics Imowii, and it is not at all unreasonable to suppose that these 
very simple forms of life have found it necessary to defend themselves 
against the attacks of bacteria which must bring about troublous times 
if they are not destroyed. The suggestion of Hemmeter fails to take 
into account the possible function of the acid in transforming zymogens 
into active enzymes and also the swelling effect of the dilute acid upon 
colloidal food materials. 

Amoeba : Historical Accounts of Feeding. — ^The amoeba appears to 
be able to take up food particles from any part of its surface. The 
particles come to lie in a vacuole which contains a small amount of water 
surrounding them. If the animal is dealing with resting or quiet material, 
only a small amount of water is taken in with the food matter. On the 
other hand, if the food captured happens to be active, a larger quantity 
of water will be taken into the vacuole. The amount of liquid in the 
vacuole appears to be accidental and is dependent, to some degree at 
least, upon the skill with which the prey has been ingested. Sometimes 
an amoeba will attempt to ingest a large object, such as a Stentor or a 
Stylonichia, At such a time the amoeba divides itself into two large 
pseudopods which are brought around the large object in the form of a 
ring. If the booty escapes before the pseudopodia have united to form 
a complete ring, they nevertheless continue their movement and come to 
surround the empty space. 

In addition to this type of food taking, in which the animal appears 
to flow around the food substances, there is another type in which the 
animal pushes out long, fringedike, protoplasmic processes which grasp 
the food matter and draw it in toward the body, finally engulfing it. 

Englemann appears to be the first to record any effect of the proto- 
plasm of the amoeba upon the food matters taken into the body substance. 
He noted that when an amoeba is fed upon granules of litmus these change 
in color from blue to red within a few minutes after ingestion. At a 
somewhat later period Brandt (1881) noticed that in a weak solution of 
hematoxylin the nucleus of an amoeba took on a pale- violet color, and 
that the content of the food vacuole, at first colorless, soon became 
yellowish and then brown in color. This fact he took to indicate the 
presence in the vacuole of an acid reaction. 

Infusorians that happen to be enguKed by an amoeba usually die very 
quickly, though this is not invariably the case. For example, Jennings 
cites an observation of an amoeba which captured and engulfed another 
amoeba but was unable to hold it. The engulfed amoeba escaped, only 
to be captured again and engulfed a second timej then it again escaped. 
It has appeared to some investigators that there must be something 
of a poisonous nature secreted by the amoeba during the period of inges- 
tion, of such a nature as to stupefy or kill the ingested material. 
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If a drop of a very dilute solution of a harmless indicator such as 
neutral red is added to a slide upon which are mounted amoeba in an 
active, feeding condition, the contents of the various food vacuoles will 
quickly become stained. The vacuoles will not all be of the same color, 
some taking a reddish color and others yellowish. Those food vacuoles 
which have been very recently formed will in nearly all cases show the 
reddish color indicative of an acid reaction, while the older vacuoles, in 
which the digestive process may have been going on for some time, will 
show the yellow color indicating an alkaline reaction. It is doubtful 
if any real digestion takes place in the vacuole while the reaction is acid. 
During this time the ingested particles, if living, are killed. Whether 
living or dead, colloidal elements are materially swollen by the acid and 
thus rendered more easily subject to the action of the digestive enzymes 
which will soon enter the vacuole. The acid reaction also serves to 
activate the enzyme which enters the vacuole in the inactive proenzyme 
form. 

Following the ingestion of the food by the amoeba there is a very 
quick change in the appearance of the material ingested. If the food 
matter is of animal origin, the sharpness of outline of food particles is 
very quickly lost, the particles begin to swell, to become somewhat 
more transparent, and after a few hours become changed into a granular 
mass. If the food matter is of plant origin, there is a somewhat different 
history, because of the difference between the animal and the plant cells. 
The cellulose walls of the plant cells are not affected, but there is an altera- 
tion of the protoplasmic structure within the cellulose wall. If the cells 
contain chlorophyll, there will be a change in color from green to brown. 
Here also there is, as in the animal cells, a transformation of the proto- 
plasmic material. It will be seen that so long as the cell walls of the plant 
cells maintain their integrity there can be no direct contact of the proto- 
plasm of the amoeba with the food. Digestion, if it takes place at 
all, must occur by virtue of the fact that the substances concerned in 
digestion are secreted by the amoeba and then diffused through the 
cellulose walls of the plant cells. 

It has been noted also that there is a difference in the behavior of the 
food vacuoles which contain indigestible substances as compared with 
those which contain digestible substances. If indigestible substances 
are ingested, the water included within the vacuole disappears within a 
short time. With food vacuoles containing digestible material the case 
is different. The food does not appear to be dissolved by any direct con- 
tact of the protoplasm of the amoeba with the food particles but by a 
fluid, secreted by the animal; This fluid at first has an acid reaction and 
diffuses from the protoplasm of the amoeba into the cavity of the 
vacuole. - '' 
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Tryptic Digestion of Amoeba.— Our real nnderstanding of the diges- 
tive processes of amoebae and similar forms dates from the work of Green- 
wood and Greenwood and Saunders. These authors noted that there is at 
the beginning of the digestive process, when the food matters are first 
ingested, a remarkable secretion of acid and that this secretion ceases 
with the beginning of the breakdown of the food materials. During 
most of the course of digestion there is a distinct alkaline reaction in the 
food vacuoles. Greenwood also noted the fact that the digestive vacuoles 
move about from place to place in the protoplasm of the amoeba in such 
a way that there is constantly offered a new protoplasmic surface to the 
surface of the vacuole. Sometimes granules formed in the cytoplasm 
become attached to the wall of the vacuole and move along with it. 
Substances which prove to be indigestible are thrown out after a time. 
The length of the time during which they are allowed to remain in the 
body and the place where they are eliminated appear to depend largely 
upon the amount of inconvenience caused the animal by their presence. 
Large rotifers and bits of coagulated albumin were observed to be cast 
out after remaining in the body for 2 or 3 days. Starch was seen to 
remain for 7 days and in a very finely divided condition for as long as 
12 days. 

The assumption of the activity of a tryptic en25yme has certainly been 
made very plausible through the work of Mouton (1902), who succeeded 
in extracting from an amoeba an enzyme approaching trypsin in its 
action. He was able to identify this with the liquid contained in the 
digestive vacuoles. The enzyme acts in either slightly acid, neutral, or 
slightly alkaline media, has the power to liquefy gelatin, and is destroyed 
by heating to 60'^C. 

Digestion of Starches and Fats.— According to Greenwood and Meiss- 
ner, the amoeba has great difficulty in digesting starches and fats. At a 
little later time, Meissner found that if the amoebae are deprived of albu- 
minous foods, they will break down starches into a substance which gives a 
red color when treated with iodine (erythrodextrin?) and that they 
finally bring this into solution. 

More recent work indicates that the power to digest starch is quite 
general among the protozoa. The evidence seems to indicate that the 
process of digestion by the protozoan is essentially the same as that of 
starch digestion w'hen treated with diastatic enzymes. It is also a very 
significant fact that there has been demonstrated in Pelomyxa the storing 
up of starch and sugar in the form of glycogen during periods of feeding 
and the gradual disappearance of it during periods of fasting. The 
presence of glycogen as a reserve material among the protozoa is a most 
important contribution to our understanding of their metabolic processes. 
It is also important that Niereiistein has been able to show, in certain 
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infusorians, that fats may be utilized as foods, stored up, and used as 
reserve material. According to Dawson and Bekin, Amoeba proteus 
successfully breaks down, after microinjection, cod-liver, cottonseed, 
olive, peanut, sperm, linseed, oleic, and ox-foot oils. 

Food Taking and the Nutrition of the Infusoria. — In those protozoan 
cells which are provided with a firmly formed surface layer the manner of 
taking up food is, of course, very different from that described for the 
rhizopods. In these more highly differentiated protozoan forms there 
is a small opening, the cell mouth, which leads directly into the thin 
liquid protoplasm. In these forms the movements of cilia or of flagella 
serve in the gethering up and ingestion of food particles. As an example, 
may be mentioned Vorticella. This is a ciliated infusorian whose beii- 
shaped body rests firmly upon a contractile stalk. At the margin of the 
disk, where it comes in contact with the side of the bell, there is a spirally 
arranged band of cilia at the base of which the mouth is formed, and 
leading for a little way inward is a somewhat funnel-shaped gullet which 
finally vanishes in the thin liquid endoplasm. The cilia of this band lash 
rhythmically and establish in the water a current which is so directed as 
to bring in small floating particles to the mouth. These particles are 
forced by the current pressure from the rear through the mouth and by 
the protoplasmic contractions through the gullet and into the endoplasm. 
In the endoplasm, the ingested particles lie in food vacuoles whose appear- 
ance and history are entirely similar to those of the vacuoles of amoebae. 
There appears to be rather a definite circulation of the food vacuoles 
through the protoplasm of the cell. The fact that the digestion of the 
food particles begins and proceeds most rapidly while the vacuoles are 
lying close to the nucleus has been interpreted by some to mean that the 
nucleus plays some important role in the process of digestion. Any 
undigested matters contained within the food vacuoles are finally elimin- 
ated through the mouth or through the surface of the body at a point 
near the mouth. 

In Paramecium a definite gullet opening is provided, armed with 
vibratile cilia which draw into it food (and other) particles, and after 
a sufficient mass has been collected, these are pressed into the mass of the 
protoplasm of the body, together with a small amount of w’-ater. The 
particles surrounded by the water which enters with them constitute a 
food vacuole. The vacuole continues as a definite structure in the cell 
cytoplasm and does not mingle with the protoplasm because of the 
colloidal nature of the latter and possibly because there may be formed 
about the vacuole a definite membrane that serves as a separation 
between vacuole and protoplasm. 

The protoplasm of the body circuIateB within the ectosarc and carries 
the. food vacuoles along, thus giving all parts of the body substance an 
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opportunity to pick up food vacuoles. This circulation of the cytoplasin 
has been carefully studied by Metalnikow. 

In Metalnikow’s study the animals observed were caused to take up 
different indicators in powdered form, upon which it was found that the 
food vacuoles successively presented two different reactions. There is 
at first, as in amoebae, an acid reaction in the vacuolar liquid of greater 
than pH 4, which continues for some minutes and is then replaced by an 
alkaline reaction which continues until the expulsion of the contents of the 
vacuole. Metalnikow calls special attention to the succession of the 
alkaline reaction and points to the very striking analogy which therefore 
exists between the digestion of the protozoa and the digestion of the 
vertebrates. 

According to the investigations of Nierenstein upon ciliated infusoria, 
it is possible to see in certain endoplasmic granules, stainable by neutral 
red, an early stage in the production of a proteolytic enzyme. When food 
matters are ingested, these granules collect at the periphery of the vacu- 
oles, then press into the vacuoles, and finally become dissolved in the 
liquid. Whether events of this sort occur generally throughout the 
protozoa can only be a conjecture at the present time, but it appears to 
be highly probable. The fact of the acid secretion first occurring in 
the food vacuole appears to have its significance in the activation of the 
zymogens present in the granules which have made their way into the 
vacuoles. The acid present is HCl, of about 0.3 per cent concentration. 

The dimensions of the vacuoles formed by the activity of the peri- 
buccal cilia vary greatly with conditions. In general, indigestible 
substances (carmine, sepia, aluminum, etc.) provoke the formation of 
small vacuoles. Assimilable substances (yolk of egg, albumin) bring 
about the formation of large vacuoles. As the animal proceeds to nourish 
itself upon the content of the vacuole the latter becomes reduced in size. 

The number of food particles suspended in the water does not appear 
to influence the formation of vacuoles, though infusoria of the same 
culture under the same conditions tend to form the same number of 
food vacuoles. Animals fed upon indigestible substances form fewer 
vacuoles than those fed upon assimilable substances, and the degree of 
formation of digestive vacuoles varies in the same individuals at different 
periods of their activities. When the infusoria are first fed upon a 
given substance, they all form digestive vacuoles in great number. The 
intensity of formation falls within hour after the beginning of the 
experiment and later becomes much reduced. This change in rate of 
formation of the digestive vacuoles is apparently due to the lengthening 
of the interval between the ingestion of successive vacuoles. 

The course traveled over by the vacuoles within the body is almost 
always the same. The period of circulation varies according to the nature 
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of the siibstance contained, those containing assimilable substances 
circulating for a longer time and at a slower rate than those containing 
indigestible substances. 

Paramecia, according to Metalnikow, are able to choose their food. 
Animals fed for a long time upon indigestible substances take them in 
less and less; after a certain time numerous individuals cease entirely to 
feed upon these substances if they are transferred to a fresh emulsion of 
them. They will, however, continue to take in other substances in the 
same manner as before. 

If the paramecia are fed upon albuminous substances their digestive 
vacuoles present at first an acid reaction, and following this an alkaline 
reaction, which continues until the expulsion of the vacuole. In animals 
which are fed upon fats and carbohydrates, the acid reaction predomi- 
nates over the alkaline in the digestive vacuole. 

Metalnikow^s contention that Paramecium is able to learn to select 
its food has not been generally accepted. Wladimirsky, in particular, has 
reinvestigated that part of Metalnikow^s work and has come to the con- 
clusion that the latter’s results are due to faulty methods of technic, 

Paramecia grown in carmine cultures cease after a time to take the 
carmine into their food vacuoles, though the number of food vacuoles 
does not materially change. Ability to reject carmine is acquired sooner 
in cultures rich in food than in poor cultures. Paramecia grown in a 
synthetic medium absorbed food directly by diffusion since there was a 
decrease in number of food vacuoles produced but no decrease in division 
rate. The power to reject carmine is lost after 2 to 3 days removed from 
the carmine culture. Daughter individuals of paramecia introduced 
into carmine cultures learn sooner than their parent to reject the carmine. 
In periods of rapid division rate, the power to reject carmine is gradually 
diminished, presumably because the interval between divisions is too 
short for the cells adequately to acquire the capacity. Paramecia kept 
for several months in the carmine medium gradually begin again to 
take it up, having apparently become adjusted to it as an environmental 
factor; in fact, the removal of carmine from such cultures results in a 
drop of the di\dsion rate. 

C. D. Beers studied a group of pure lines of Didinium, a carnivorous 
protozoan, cultured on a diet of starved paramecia; another, on well-fed 
paramecia. No limitation was placed on the quantity of food received 
by either group. The lines fed starved paramecia showed a gradual 
decrease in fission rate and an increase in death rate. The lines main- 
tained on well-fed paramecia continued with undiminished vitality 
throughout the experiment. Repetitions of this experiment gave con- 
cordant results. The degeneration and death of the lines fed starved 
paramecia are attributed to dietary inadequacies; evidently, starved 
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paramecia are lacking in substances necessary for the normal growth of 
Didinium. The symptoms of degeneration resemble closely the degener- 
ative changes observed in various ciliates and attributed to senescence. 

The Ntitrition of the Sponges. — ^The problem of securing the requisite 
nourishment is, in the sponge, a twofold one. There is, first, the need 
of a sessile animal to provide some means of bringing into the animal a 
continuous current of water which will carry with it substances which 
may Be utilized as food. There is, second, the necessity of meeting 
the problem of food absorption, after it is once introduced within the 
chambers of the sponge body. 

As has been pointed out, there are on the surface of the animal innum- 
erable pores through which the water may enter. From these it passes 
through the more solid parts of the body by a series of canals that lead 
toward a central cavity, the cloaca, finally to emerge through a large 
opening, the osculum. The osculum is located at the apex of an indi- 
vidual sponge, or, in a colony, each osculum is located upon a slightly 
elevated portion of the sponge surface. 

The current of water is kept in motion by movements of the flagella 
of what are known as the choanocytes — collar cells — lining many of the 
canals or specialized chambers in the body of the sponge. The flagella 
of the choanocytes are constantly active and are active to such a degree 
that there is in the cloaca a higher pressure of sea water than outside the 
body. This pressure varies in different species of sponges but has been 
found to vary from 1.3 to 4.0 mm. of sea-water pressure (Parker, Ele- 
mentary Nervous System ^0* While this pressure seems to be small, it 
is sufficient to provide for the passage through the canal systems of the 
sponges of relatively large amounts of water during the course of a 
day, Parker has also estimated the amount of water which a colony 
of Spinosella, having 20 oscula, would pass through itself in the course 
of a day and finds it to amount to 1575 1. Doubtless other observations 
upon other species of sponges would give similar results. 

The nutritive particles made use of by the sponges are very largely 
the detritus coming from the dead animal and plant tissues found more 
or less abundantly in the sea water along the coast. From the time of 
Haeckel, it has been suggested as a possibility that dissolved materials 
coming from the solution of decomposing animal or plant organisms may 
also serve as food for sponges. 

Nourishment of Aquatic Animals through the Dissolved Organic 
Matter of Water. — ^There has been much argument as to the nature 
of the food supply of many aquatic animals. Two general notions have 
been presented: 

1. All animals use for their food larger or smaller masses of formed 
organic material. 
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: ■ ,2/ :Some animals have the power- to utilise as food organic matter 
dissolved in the watei\ 

of this problem calls for a very intimate and accurate 
^ M the amounts and kinds of organic matter in solution and 

the amounts^ kinds, and distribution of particulate food substances 
in the water. Putter attempted to show that the amount of plankton 
in water is insufficient to meet the daily needs of protozoa, sponges, 
medusae, Anthozoa, Rotifera, Crustacea, Insecta and tunicates, and 
even fishes, and that these forms must depend upon food materials in 
solution, English investigators, Moore, Edie, Whitely, and Dakin and 
the Danish investigator Krogh have reexamined the whole question and 
reach conclusions not in harmony with those of Putter. Sea water 
would have to be a much richer solution of organic substances than it is 
in order to support life. Animals living in this fluid would need some 
substance having a special affinity for dissolved organic matter (as 
hemoglobin has for oxygen) in order to supply the tissues of the body 
with sufficient rapidity. The figures obtained indicate clearly that there 
is not in the sea water enough dissolved orgardc material to supply 
nourishment for any animal. 

Similarly, the amount of evenly distributed plankton is far too small 
for many marine animals to make use of it as a food supply. If the higher 
animals were able to act as complete filters so that they might collect and 
utilize all of the particulate matters available, it would be found that they 
would not be able to filter enough water to supply them with their daily 
food ration. Sea water filtered through a fine silk net and then through 
a Chamberland filter yields only about 1 mg. of organic matter per 
liter, an amount too small to support life. (The figure given is an 
average for the water of the open sea; of course, there are localities where 
the figure would be much higher — ^also localities where it would be much 
lower.) Only in sessile organisms with a slow metabolism could the food 
demand be satisfied by means of the evenly distributed plankton. To 
this extent do the authors, whose work is here reviewed, agree with 
Piitter. 

According to the work of Moore and his associates, the food supply of 
these organisms is provided for in the fact that plankton is not equally 
distributed in the sea water, similar in natxire and cause to the unequal 
distribution of the higher marine animals and of nearly all terrestrial 
animals. Terrestrial animate have to seek their food, and, as a rule, 
congregate in considerable numbers where the food is most abundant. 
If the food desired happens to be motile, they follow the food. Various 
other biological ends may be served by this aggregating of individuate, 
but the maintaining of a food supply appears to be the immediate cause 
, of the association of animsfls. . Various animate live together in larger 
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or smaller groups, migrating from one place to another, as the food supply 
available becomes exhausted or moves away to some new situation. 
Where there are good pasturage and water, under natural conditions, there 
will be a greater wealth of herbivorous animals, and where these are found 
in abundance, there will be more of the carnivorous animals which prey 
upon them. So it happens that some factor in the environment of a 
permanent physical nature in soil or water, or of seasonal variation, such 
as light or heat or moisture, produces abundance or scarcity of one species 
of animal or plant, and this precipitates a whole series of events, the 
causal relation of which can only be traced and unraveled by most 
patient study and experimentation. 

It has apparently become almost a habit upon the part of many inves- 
tigators of the floating life of the sea to assume that there is a uniform 
distribution of the plankton. This assumption is made by Putter as the 
basis of all of his work, from which he deduces the insufficiency of the 
plankton as a food supply, and underlies his argument that the aquatic 
animals are engaged all the time in exhausting the resources of their 
immediate environment of plankton and of dissolved organic matter. 
This leaves out of account anything of the nature of a tropism toward the 
food in the lower organisms, or of what it has been the custom to consider 
as instincts among the higher organisms. No selective action of any 
sort is provided for, and yet it is quite apparent that there is in many 
organisms a definite response to the food stimulus of such a character 
that great aggregations of animals are produced where food conditions 
may be said to be at an optimum. 

August Krogh summarizes his review of the works of Putter and other 
investigators of this subject as follows: 

The amount of food necessary for aquatic animals is generally present in the 
form of organisms and organic detritus. There are animals (certain protozoa 
and perhaps spongiae) which may take up in addition dissolved substances from 
the water, and the possibility that a few animal forms live mainly on dissolved 
substances cannot be excluded. In the case of cave fauna and that of the ocean 
depths the ultimate sources of supply of particulate food are so far unknown. 

Dissolved organic substances are present in fairly large quantities, 10 mg. per 
liter or more, with a combustion value of 40 calories per liter or more in fresh 
waters. The quantities in sea water appear to be of the same order of magnitude. 
They include proteins in colloidal solution, and a number of well defined amino 
acids in very high dilutions. The carbohydrates are partially pentosans and do 
not seem to be readily assimilable* 

The dissolved organic substances appear to be vqAmfy waste products and in 
certain cases at least they are very resistant to the attack of bacteria. 

The plankton algae do not secrete carbohydrate, but at least so long as they 
are able to grow they store the snaterial produced by assimilation in their own 
bodies. '-N, , 
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The experimental evidence brought forward by Piitter for the absorption 
of dissolved organic substances in fishes, Actinia, Ascidia, and Copepods is 
inconclusive. 

There is no convincing evidence that any animal takes up dissolved organic 
substances from natural water in any significant amount, but it is made probable 
by the experiments of Peters that certain protozoa can do so. 

It is possible according to the experiments of Krogh that higher animals take 
up insignificant quantities of dissolved combustible material, but the quantities 
excreted are always larger. 

There is strong evidence from the experiments of Krizenecky and others that 
tadpoles, mussels and probably many other animals can absorb organic substances 
from fairly concentrated solutions and at least for a considerable period thrive 
and grow without particulate food. 

The integument and gills of aquatic animals appear to be generally imper- 
meable to organic substances which are practically always present in higher 
concentration in the body fluids than in the outside medium. The unidirectional 
permeability of the skin of fishes and amphibia found in certain experiments is 
probably an artifact. The experiments of Bonnet, Koiler and Yonge show that 
the absorption of dissolved nutriment observed in tadpoles, mussels and starfishes 
takes place through the intestine and not through the integument or gills. 

Food Taking of Sponges, — ^The exact method by which the sponge 
secures its food has for many years been a matter of controversy. As 
far back as 1856 Carter, and in 1857 Lieberkiihn, conducted numerous 
experiments with a view to finding out how sponges nourished themselves. 
Haeckel (1872) reviewed their work and came to the conclusion that the 
flagellated collar cells are the only structures of the sponge having the 
power to absorb and take up food. He found that these cells fill them- 
selves with carmine grains floating in the sea water, and form them into 
rather dense masses near the cell nuclei. As to the fate of the ingested 
particles after they have been taken within the bounds of the flagellated 
cells, there have been a variety of opinions. Keller contended that the 
food materials are taken over from the flagellated cells by wandering 
cells of the mesoderm, comparable ^to the phagocytes of the higher 
animals, and, as will be seen later, Metchnikoff spoke of the very impor- 
tant role of the mesoderm cells in taking up and digesting food materials. 
Bidder was of the opinion that the flagellated collared cells not only take 
up the food matter from the water of the canals but also digest that food 
matter and pass on the products of digestion to the cells in need of nour- 
ishment. Mastermann agreed that the flagellated collared cells are the 
ones to capture and take up the food particles but held, contrary to the 
opinions expressed above, that the collar cells themselves undergo phys- 
ical transformations, losing their flagella and becoming amoeboid in 
character so that they are in no way different from mesoderm cells, and 
that they then wander about from place to place in the sponge paren- 
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chyma, where the digestive process is completed. These collar cells 
which have thus wandered from their original location are then replaced 
by newly formed elements of the same kind, which themselves ultimately 
become transformed into mesoderm cells. The amoeboid cells, upon the 
completion of the digestion of the food matters taken in, are supposed to 
be responsible for the elimination of the remaining waste matters. Vos- 
maer and Pekelharing are well satisfied that it is the collar cells that are 
the responsible agents for the capture and ingestion of the food particles. 
These particles, possibly partly but certainly not entirely, digested, are 
passed over to cells in the sponge parench3rma where the digestive process 
is completed. R. von Lendenfeld, in reviewing this work, also decides 
that the flagellated collar cells are the cells which take in the food particles 
but does not find that these cells sink down into the parenchyma and lose 
their original flagellated character. Some of the substances ingested, 
the useless ones, are thrown out by the collar cells; the useful substances 
are, in a more or less digested condition, given over to the cells of the 
middle layer, which transport them to such places as may be in need 
of them. 

Intracellular Digestion. — From the statements reviewed above it 
will be seen that there is no evidence presented of any production by the 
cells of the sponges of enzyme containing secretions or of the appear- 
ance of such secretions in the cloacal cavities of these animals. On the 
contrary, there is every evidence that digestion among the sponges as 
well as among the protozoa is carried on in an intracellular manner. 
Particles are seized by the amoeboid processes of certain specialized 
cells, and then either in these particular cells or in others the process 
of digestion is completed. The condition appears to be entirely analo- 
gous to that existing among the protozoa. 

Enzymes of the Sponges.— The solution and assimilation of the solid 
particles of food material by the cells of the sponges call for the activity 
of enzymes. After L. Fredericq had shown the presence of tryptic fer- 
ments in the parenchyma of some of the sponges, Krukenberg found in 
the glycerin extract of the parenchyma of different sponges ferments 
which were capable of digesting raw, but not cooked, fibrin, in either 
acid or alkaline solution. This evidently indicates the presence of both 
peptic and tryptic enzymes, though both do not appear to be present in 
the same form. Suberites ohondrosta, Geodia, and Hircinia possess peptic 
enzymes, and Sycon, Reniera, and Tedania possess tryptic enzymes. 
These ferments were not found in liquids expressed from the canal sys- 
tems of the animals, but only in extracts from the cells. 

Diastatic ferments capable of changing starch to sugar have been 
found widely scattered among the sponges, and Cotte has succeeded in 
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identifying in Suberites ' a fat-splitting ferment, gelatin-dissolving 
ferment, and a rennin. 

Nutrition among the Coelenterates. — There is a good deal of difficulty 
in getting a clear picture of the sequence of events which is involved in 
the digestion and absorption of food matters by the coelenterates. This 
is partly due to some lack in the number of accurate observations and 
partly to a modification of the views of physiologists as to the nature of 
the process involved in this work. The first recorded observations were, 
apparently, those of Haller, who states that the slimy mass which con- 
stantly moistens the walls of the coelenteric spaces does not show the 
slightest trace of either an acid or an alkaline reaction, either during the 
process of digestion or when the organ is empty. Lewes came to the same 
conclusion and said that the actinians have no chemical means for the 
preparation of their food but that they rather satisfy themselves by 
mechanically pressing out the sap or juice from the meat taken in. 
Muller made observations upon crab meat upon which the mesenterial 
filaments of a living jellyfish had been allowed to rest in- sea water. 
After 10 to 12 hours the meat was found to have been dissolved. Later 
the Hertwigs made the statement that the mesenterial filaments are 
secretory organs whose glandular cells have the function of preparing 
digestive liquids, while the nettle cells serve for the killing of the more or 
less active animals which are captured and taken in. 

Tryptic Digestion of Coelenterates. — Fredericq was able to demon- 
strate in some of the coelenterates the presence of a tryptic ferment. 
Following the work of Fredericq, Krukenberg gave special attention to 
the digestive processes of this group of animals. He fed actinians with 
fibrin which was enclosed in small sacs of mull or in quills. The actin- 
ians have the habit of throwing out of the mouth, after a time, all foreign 
bodies. In order to keep the food within the body, Krukenberg resorted 
to passing a ligature about the body of the animal just below the ten- 
tacles, or fastening the sac in place in the body column by means of 
a thread attached to the sac and passed through the wall of the foot 
and fastened to some solid object. The mull sacs and their contained 
fibrin were weighed before and after their stay in the coelenteric cavity. 
The losses in weight were found to be entirely too great to be accounted 
for on the ground of errors in experimentation. In some cases the fibrin 
was entirely gone. The slimy mass in the coelenteric cavity appeared 
at all times to be incapable of digesting albuminous substances. Even 
after a lapse of a number of days it was impossible to obtain any evidence 
of the presence of peptic or tryptic ferment. Upon closer examination 
it was Wnd that the; little rnpll sacs had been penetrated through and 
through by the mesenteriial filaments and that digestion had occurred 
only at those points where the filaments had come into contact with the 
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albuminous food substances. It was, therefore,, cdncluded' that digestion 
was due to the action of the living cells upon the food substances, and not 
the effect of anything in the nature of a substance secreted by the cells. 

It was also found that when fibrin threads were drawn through the 
side walls or the foot of an actinian or through the bell of a medusa 
they were absorbed in from 8 to 14 hours, and this took place while they 
were in contact with the living tissues. The explanation was offered 
that the mesenterial filaments force their way into even the most insignifi^ 
cant wounds in the body wall. If access of the mesenterial filaments is 
made difficult, digestion takes place only so far as the filaments are 
able to force their way. It was also found that watery or glycerine 
extracts of the mesenterial filaments contained substances capable of 
digesting proteins in the presence of 0.2 per cent HCl. Krukenberg 
makes the statement that normally the ferment acts only within the 
cell itself and not in the form of secretion by the cell. 

Intracellular Digestion among Coelenterates.— It is probably true 
that Allmann was the first to state that intracellular digestion takes 
place in animals above the protozoa. Before the appearance of the 
report of the experiments above mentioned, Metchnikoff had made 
the statement that intracellular digestion is the rule among most of the 
invertebrates. He said: ^'The endoderm cells of the Coelenterates must 
be listed in the category of amoeboid epithelium. Through the pseudcn 
podia-like processes they takes»up the solid nutritive particles after the 
manner of the Rhizopoda, as is easily seen in the case of transparent 
forms.'^ 

Later Chapeaux followed the intracellular processes among the 
siphonophores, whose endodermal cells are capable of taking up particles. 
He further noticed that granules of blue litmus were taken up by the epi- 
thelial cells of the septa as well as by the cells of the mesenterial filament, 
and became colored red insideSthe cells. This was taken as an indication 
of an acid secretion within the cells similar to that found in the proto- 
zoans. Chapeaux noticed that fibrin flakes weighing from 2 to 3 g. 
were entirely digested by an actinian in the course of 24 hours. The 
absorption of the food was so complete that it was not possible to detect 
even a trace of peptone in the gastral space or in the surrounding water. 
On the other hand, the body substance of a digesting actinian contains 
a considerable amount of peptone. In fasting animals only small 
traces of peptones could be found. If the mesenterial filaments and 
surface cells of the septa were macerated for some hours in water, an 
alkaline fluid was obtained which, after filtration, would digest fibrin 
flakes weighing 2 g. in the course of 8 hours, transforming the whole 
mass of peptones. If the reaction of the liquid were made slightly acid, 
the digestion stiU occurred. In the presence of a stronger acid, such 
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as 1:2500 sulphuric acid, digestion was inhibited. The ferment appears 
not to be stored up, but to be produced when needed, and was not found 
at all in the case of fasting actinians. 

From the statements made above, it will be apparent that for the 
most part digestion among the coelenterates is an intracellular process. 
The endoderm cells chiefly if not entirely responsible for the work of 
digestion and absorption are amoeboid in character, throwing out smaller 
or larger processes from their free borders as occasion may demand. At 
times the endoderm cells appear in some cases to fuse together so as to 
form something of the nature of a syncytium, a mass of protoplasm with 
several nuclei but lacking in dividing membranes. As a rule, the parti- 
cles taken into the protoplasm of the cells are of small size, easily to be 
handled by the pseudopodia of the cells. At other times larger particles 
than could readily be taken in by a single cell have been seen to be 
ingested by the protoplasm of several of the fused cells. 

Contact Digestion,— The experiments appear to deny the existence 
of extracellular digestion as a normal process among the coelenterates. 
At least it does not appear to take place to any considerable degree. 
On the contrary, there are two possible suppositions as to the digestive 
process. The digestion is either intracellular or what may be termed a 
contact digestion. Among the forms where such structures as mesenterial 
filaments occur, it is probable that the digestion of such food substances 
as animals with a chitinotis covering is to be explained upon the supposi- 
tion that the filaments invade the body of the animal through the natural 
openings and penetrate to all parts of the body and there digest and 
absorb the food matters. At any rate, there is little or no evidence of 
the free existence of proteolytic enzymes in the gastral cavity. 

Friedemann has reached a similar conclusion as to the method of 
digestion among the coelenterates. He says: “Since a free enzymatic 
fluid does not exist in the body cavity (of the scyphistoma of Aurelia 
aureata) it is secreted by the single cells as soon as the contact between 
their surface and a nutritive substance gives the impulse for it.^^ 

Gland Cells and Their Functions. — It is still a matter of question as 
to how large a part may be played in the process of digestion by the uni- 
and multicellular glands which are scattered about in the endoderm of 
various coelenterates. Certain it is that the endoderm cells of many of 
the members of the group are not all alike. They appear to be of two 
rather distinct classes, one, secreting cells (definitely glandular) and the 
other, a group of absorbing ceUs. In the hydroid polyps, the gland cells 
are widely scattered but are most numerous in the oral region. In some 
of the siphonophores, the gland cells well filled with pigment granules 
form quite dense clusters. They become so massed together as to drive 
out entirely the absorbing cells from the same region and form glands. 
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as in velella and porpita. According to Chim, these glandular cells 
empty their granular secretion into the gastric cavity, where it becomes 
liquid and evidently has a part in what may be termed the predigestion 
of the food. In the case of a lack of a definitive digestive fluid this pro- 
duction of a secretion could follow only upon the contact stimulation 
of the gland cells by the object to be digested. 

It has also been demonstrated that the isolated mesenterial threads 
of actinians and the gastral threads of some of the medusae are able, in 
a watch glass in sea water, to dissolve appreciable amounts of muscle, by 
contact, and apparently only by contact. It is hard to believe that the 
process carried out in the watch glass is essentially different from that 
which takes place normally in the gastral cavity of the living animal. 

If such a process of solution as has been described takes place in the 
gastral cavity, it would mean that there is in that cavity at times a 
chyme-like fluid. It is also true that in very many of the coelenterates 
the endoderm cells bear cilia or flagella, the movements of which bring 
about a slow circulation of the liquid contained within the cavity. 
In forms in which the gastral cavity becomes a much-branched 
system of tubes, this slow circulation of finely divided, and possibly 
partially digested, food material becomes very important because the 
products of this early digestion may be, and doubtless are, carried to the 
most distant parts of the body, not by being passed on from cell to cell, 
but by a sort of cireulation, which seems to justify the term gastrovascular. 

The group appears to present a sort of transition between purely 
intracellular digestion as it appears among the protozoa and the purely 
extracellular digestion found in the higher animals. Attention should 
also be directed to the fact that, not only endodermal cells, but meso- 
dermal and even ectodermal cells may take up solid particles from the 
surrounding medium and digest them intracellularly. In these forms 
there has not yet occurred that far-reaching differentiation which is to be 
found in the tissues of the higher animals and which renders each unfit 
to do the work ordinarily entrusted to the other. 

Digestion in Hydra. — The digestive processes of hydra appear to 
occupy a position between the intracellular digestion, characteristic of 
the protozoa and sponges and the extracellular digestion of the verte- 
brates. Its digestive processes are performed in such a way as to assume 
some of the characteristics of both of these types. The hydra body may 
be roughly divided into three regions, hypostomal, gastral, and basal. 

Food (crushed Planorbis and, therefore, largely protein), fed to hydra, 
is taken into the gastral cavity by swallowing movements of the hypo- 
stomal region. By a sort of peristaltic movement the food is carried 
along into the gastral region where it is subject to the action of fluids 
derived from the endoderm cells. 
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The endoderm of the gastral region is made up of two types of cells, 
secretory and absorptive or nutritive-muscular. The secretory or 
gland cells are goblet-shaped and lie between the general endodermal 
cells of the gastral region. Occasional gland cells may be found in the 
subhypostomal region. During a resting period the gland cells are filled 
with small, highly refractive, spherical granules. There is evidence that 
the granules are formed in the basal regions of the cells and that they 
migrate toward the distal ends of the cells. An hour after a hydra has 
been fed, granules may be found lying in the membrane or even in the 
gastral lumen. Granules appear to change their nature. They become 
more fluid, increase in size, sometimes lengthen, and flow slowly toward 
the cell membrane. As they migrate through the cytoplasm, clear 
vacuoles filled with liquid appear in the places formerly occupied by the 
granules. In the material of the granules there may be observed also 
minute vacuoles, filled with liquid. The process of granule extrusion 
continues until all (or nearly all) the secretion granules have been 
extruded. Following appropriate stimulation, this reaction appears to 
follow the all-or-none law. The appearance of a few unextruded granules 
in the region of the nucleus, or even nearer the basal membrane, need not 
vitiate this conclusion, for new granules appear to be forming deep down 
in the protoplasm even while the outer portion of the cell is disintegrating. 
Two hours after feeding, a few gland cells are still throwing off secretion 
granules, and some cells appear full of secretion which has not yet been 
discharged. In these cells there are no secretion granules in the basal 
region. Three hours after feeding, most of the extrusion process has 
taken place. Only here and there may be found a cell containing 
granules. Four hours after feeding, the gland cells appear again to be 
filling with small granules. Examinations made 5, 6, 7, and 8 hours 
after feeding reveal no essentially new conditions, except that the granule 
formation proceeds regularly and the secretion granules, many with 
darkly staining coats, become more definitely established. The protein 
digestion takes place in a slightly alkaline medium, as determined by 
bromothymol blue, and is probably tryptic in character. 

In so far as utilization of fat by hydra is concerned, it may be said 
that minute fat droplets such as occur in milk or cream may be ingested 
unchanged by amoeboid activity of the nutritive cells. There is little 
or no evidence of the existence of a fat-splitting enzyme. 

The nutritive cells comprise the larger portion of the endodermal 
lining of the gastral sac and are cMefly absorptive, though there is some 
evidence that they also may secrete. 

The digestion of marine hydroids agrees in the main with that in 
hydra. Peristaltic movements of the hydranths and their basal differ- 
entiations drive the food through the hydrdcaulus and hydrorhiza. On 
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the other hand the cilia serve only for local movements of the food 
particles. Before the entrance into the stalk, the nourishment becomes 
freed from larger particles by a narrowing— a kind of filter— at the 
entrance of the stalk. All the endoderm is phagocytic. Storing of fat 
and glycogen takes place in the stalk and hydrorhiaa. The stored sub- 
stances are used in regeneration. In normal state, glycogen and fat 
gather in the sexual organs. 

Digestion among the Alcyonaria.— Pratt finds that large bodies are 
quickly broken into small particles, and in some cases at least are appar- 
ently acted upon by some digestive ferment in the coelenteron of the 
zooids, before being ingested by the cells of the mesenterial filaments. 

The mesenterial filaments of hungry zooids are crowded vdth gland 
cells which contain numerous granules. After feeding, the mesenterial 
filaments contain very few granular gland cells in which the granules 
are numerous. Many of the cells are entirely empty. The inference 
drawn is that the gland cells of the recently fed zooids have poured on 
the food during its passage through the body cavity and during its 
envelopment by the filaments a digestive secretion which has brought 
about its disintegration and partial solution before its ingestion by the 
cells of the mesenterial filaments. 

There is, therefore, evidence in the Alcyonaria (as has also been found 
among the Madreporaria) of an extracellular or contact digestive process, 
carried on by the secretion of a digestive fluid in the coelenteron of the 
zooids, as well as an intracellular digestion which occurs throughout the 
whole range of the coelenterates. 

Digestion among the Worms. — ^Anything of the nature of a summary 
presentation of the processes of digestion and nutrition among the worms 
is attended by much difficulty. The members of the group manifest so 
great diversity of forms and live under such a variety of conditions as to 
make it almost impossible to present in a single account any outline of the 
digestive processes which will apply generally throughout the group. 

As might naturally be expected, the Platyhelminthes exhibit a very 
much simplified digestive process. Some forms have a type of digestion 
very similar to that which is found among the coelenterates; others 
exhibit a condition not unlike that found among certain of the protozoan 
forms. The turbellarian worms are equipped with an esophageal tube 
through which food is taken into the inside of the body. This tube opens 
in some forms into a sort of much-branched or lobed alimentarj^ tract, 
called an intestine, and in other forms into the intercellular spaces of 
the body parenchyma, which consists of a more or less definitely aggre- 
gated mass of connective-tissue cells, simple or branched and in some 
cases apparently fused together into a sort of sync3rtium with numerous 
nuclei. Many of these cells exhibit amoeboid movement and appear 
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to exhibit the phenomena common to phagocytic cells of the blood of 
higher organisms. 

Among the Dendrocoela and Rhabdocoela there occurs a rather well- 
developed intestine either simple or branched, whose epithelial lining, 
like that found among some of the coelenterates, consists of two kinds of 
cells, gland cells and ciliated amoeboid cells. The latter are especially 
active in food taking and digesting. 

Comparison of Digestion between Worms and Coelenterates. — As in 
some of the coelenterates, there is to be found among these flatworms 
evidence of both intra- and extracellular digestion. There appears to 
be a sort of predigestion of the larger food objects which are taken into 
the body, and then a passing on of the smaller food particles formed as 
the result of this process of predigestion from cell to cell, where the diges- 
tion is completed in an intracellular manner. In some cases the pre- 
digestion appears to take place, not in the intestine, but rather in the 
everted pharynx, where it is possible for the secretion of the so-called 
salivary glands to work effectively. In some of the parasitic forms, such 
as Distomum, there is evidence of almost typical intracellular digestion. 
In all of these forms the digestive system functions at the same time 
as a gastrovascular system in which the nutritive fluid is moved about 
from place to place by the muscular contractions of the body and by 
ciliary action. 

A similarity of behavior is also exhibited between coelenterates and 
some of the worms through the symbiotic relations which are established 
between certain members of the group and some of the algae. This 
relation appears to be more definitely established and more fundamental 
in its effects among the flatworms, especially in Convoluta. This form 
is said to derive its nourishment almost exclusively from the cells of 
Zoochlorella which are to be found in its parenchyma. 

In 1878 Metchnikoff called attention to the digestion of blood as it 
takes place in the turbellarian worms, as being exclusively intracellular 
in character, taking place in an acid medium, and brought about by the 
aid of a soluble ferment. It was the earliest proof that typical intra- 
cellular digestion is a chemical process, brought about through the 
intervention of an enzyme. 

Digestion in Planaria. — ^Arnold (1909) again made a study of the 
digestive process as it takes place in Planaria. He found, lining the 
digestive cavity, two sorts of cells: 

1. Long, irregularly columnar cells, the cytoplasm of which con- 
sists of a clear protoplasmic network enclosing several large vacuoles 
at the distal end, the vacuoles toward the middle of the cell being smaller 
and fewer in number. The proximal part of the cell is a much denser 
protoplasm and contains the nucleus. 
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2. Goblet cells. These are one-half or less than half the size of the 
columnar cells. Each has a small nucleus. The cytoplasm is very 
granular and stains deeply with basic fuchsin. They are full of large 
vacuoles. In number they are to the columnar cells as 1 : 10. 

When the intestine of the worm is empty the goblet ceils are large and 
the vacuoles appear to be full. Soon after food is taken into the intestine 
these cells diminish in size and after 27 hours have shrunken to about 
one-fifth their original size and are quite flaccid. In this condition these 
cells are frequently squeezed out of their normal position by other cells 
lining the intestine. There appears to be no doubt that these cells 
secrete a digestive ferment, which is probably used entirely in the diges- 
tion of fat. 

Within a quarter of an hour after feeding, the columnar cells are full 
of fat globules. No amoeboid protrusions from the columnar cell could 
be seen. 

The goblet cells begin to return to normal size after 48 hours, when 
almost all of the columnar cells are devoid of fat, and become normal in 
appearance at about 70 hours. No ingestion of solid particles takes 
place until after fat absorption is completed and the fat has undergone 
marked changes in the columnar cells. A large part of the fat absorbed 
by the columnar cells is digested in the cytoplasm of these cells, 
but some of it is passed out at their bases and lies unaltered in the 
parenchyma. 

The first fat appears in the cells in the form of globules, which by 
fusing together form larger and larger globules, so that in some cases 
within an hour after feeding some of the cells appear to be solid masses of 
fat. 

Arnold claims that in the planaria, as in the higher forms, the neutral 
fat is split into fatty acid and glycerine by lipolytic enzymes and so 
absorbed by the columnar cells. The goblet cells appear to act as the 
secreting organ of the lipolytic enzyme. 

It appears, therefore, that digestion in planaria is not wholly intra- 
cellular as has been claimed by Metchnikoff, and really constitutes a 
sort of first step toward the highly complex digestion found in the higher 
forms. This first step is the production by certain specialized cells of a 
secretion which enables the fats to be absorbed. Such cells are unicellular 
glands. If during the course of evolution these unicellular glands, instead 
of being diffused, become aggregated in certain areas, it is possible to 
picture the formation of any of the multicellular glands which arise from 
the intestinal tract through evagination and enlargement. 

Fat globules within the columnar cells undergo marked changes in 
staining reaction. At first they color a deep black when exposed to the 
action of osmic acid in the fixing fluid used, Each globule is enclosed 
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in a vacuole. Within 3^ hour some of the small globules at the free end 
of the cell become paler, changing from black to gray and then brown. 
Within 2 hours the globules no longer react to osmic acid and the fat takes 
the less basic of the two stains employed, the fuchsin, until eventually 
it is stained only by the acid cytoplasmic stain, orange G. A vacuole is 
no longer to be seen about the globule, and finally the fat globule is incor- 
porated into the substance of the cytoplasm. 

After the fat has all been absorbed and when all the gland cells are 
empty, true intracellular digestion begins. The columnar cells push out 
pseudopodia, which seize and ingest food particles then appearing in 
large numbers in vacuoles in these cells. These columnar cells appear to 
have a certain power of selection, for when feeding upon blood they take 
the red corpuscles first and the leucocytes last (48 hours after feeding). 
The digestion of the red corpuscles takes place very slowly, and even after 
96 hours it is still possible to find some red corpuscles in the vacuoles in 
the columnar cells. During the process of digestion, the corpuscles lose 
shape until at last the vacuoles contain only an amorphous mass of 
particles, consisting chiefly of the remains of the envelopes of the 
corpuscles, 

Arnold calls attention to the interesting fact that, while in the intestine 
of the animal, leucocytes stain orange by the triple stain (basic fuchsin, 
methylene blue, and orange G) but after ingestion the cytoplasm of 
the leucocyte becomes pink, the nuclear content becomes diffused, and 
shortly afterward the separate nuclear masses are no longer to be seen. 
This sudden change in the staining reaction would seem to be evidence in 
favor of the idea that here as in other forms already mentioned the intra- 
cellular digestion begins (at least) in an acid medium. 

Specimens of Planaria maculata are quite sensitive to minute varia- 
tions in the chemical composition of their diet, Planarian worms fed 
upon starch paste flavored with liver juice, gelatin flavored with liver 
juice, raw egg yolk mixed with starch, raw egg yolk mixed with sugar, raw 
egg albumin and beef fat, decrease in size although in every case a 
sufficient amount of food for growth seems to be taken. Worms fed 
upon raw egg yolk, thyroid, muscle, and white matter of brain maintain 
their original condition or grow to some extent. Worms fed upon liver, 
thymus, adrenal, kidney, pineal, and gray matter of brain grow rapidly 
and undergo fission. 

' ’ Effects of ParasMsm upon XHgestion. — ^The parasitic habit is very 
widespread among the worms and is accompanied by evidences of degen- 
eration in both the digestive apparatus and in the digestive process. 
Among the cestodes, the digestive r^stem is entirely degenerated, and 
there is, therefore, only an aibsorptioh of ready prepared food from 
the alimentary tracts of the hosts.i; In these forms there has been lost, 
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not only the aliment but the possibility of producing digestive 

enzymes. , , ■ 

The Nemathelminthes exhibit an extremely varied degree of degenera- 
tion due to their parasitic habit. Almost all members of the group are 
parasiticj and together they form a most dangerous army of parasites. 
Some of them are as completely lacking in alimentary organs^ as the ces- 
todes. In some the mouth is closed through a proliferation of ectodermal 
cells. In others an anus is lacking. In still others the intestine shows 
more or less degeneration. There are also in some cases, in spite of the 
parasitic habit, well-developed mechanisms for the taking up of food and 
a well-developed stomach intestine. Even in these cases, however, it 
seems to be very likely that the nutritive substances are taken into the body 
through the skin, and not through the medium of an alimentary system. 
The suggestion has been made that the epithelial elements of the muscle 
pouches are especially active in the assimilation and storage of foodstuffs. 

Nirenstein has recently shown that, in the case of Chaetogaster, the 
stomach (probably meaning crop ox gizzard) has an acid reaction equal 
to that of a ISr/20 HCl solution. The fluid has no proteolytic action 
and is probably to be accounted for because of its lethal effect upon the 
minute organisms which form the natural food supply of the animal. 

Functions of the Mid-gut of Worms. — The mid-gut in most forms is a 
straight tube running through the body. In many of the higher forms of 
worms this is provided with out-pouchings at the side. These serve 
partly to increase the capacity of the organ and partly for the secretion 
of digestive fluids and the absorption of the digested food materials. 
In many of the higher forms, they appear to be analogous to the so-called 
livers of the mollusks and Crustacea. The stomach intestine often shows 
constrictions at the boundaries of the segments. In the Lumbricidae 
the surface of the intestine is increased by the formation of the typhlosole, 
an infolded portion of the wall. The wall of the intestine generally con- 
sists of two coats, an outer muscular coat made up of fibers running 
longitudinally and in a circular direction and an epithelial lining made 
up of more or less elongated, cylindrically shaped cells whose free ends 
are supplied with what is known as a striated border, as in Ascaris or 
Lumbricus. In some cases the cells are also ciliated. In the lower worms 
the epithehal cells appear to be capable of considerable amoeboid move- 
ment. Among the higher forms this is not so common, though some 
observers have thought they found evidence of amoeboid activity of the 
protoplasm of the ends of the cells next to the digestive cavity. In 
Lumbricus there are retractile cilia or rod-shaped prolongations of the 
epithelial cells, but it is yet a matter of doubt whether these play any 
important role in the digestion and absorption of food. Two kinds 
(Fig. 67) of cells making up the epithelial layer are frequently foimd, one 
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being gland cells often filled with granules representing a digestive secre- 
tion and the other cells which are chiefly absorptive in function. Men- 
tion of these will be made in another connection. In the epithelial cells 
are frequently found enclosures of various sorts, the significance of which 
is not entirely clear. These enclosures consist of colorless or colored 
drops, vacuoles of various sijzes sometimes filled with a clear liquid and 
sometimes containing rounded bodies or other kinds of concretions, fat 
droplets, etc. Occasionally, there are found (not in gland cells) crystal- 
line structures like pigment granules. It is very likely true that these 
substances mentioned are of the nature of storage materials derived from 
the intestinal content. It has also been determined that among the 
Capitellidae some of the enclosures are substances of a zymogen character, 
destined to be set free in the intestine for the work of extracellular 
digestion. Also there is the possibility that some of these substances 
may be of an excretory character, as has sometimes been claimed for the 
enclosures of the chloragogen cells of the earthworm. 

Digestion among the Crustacea. — Not very much is known about the 
processes of digestion among the lower Crustacea. The mid-gut of such 
forms as Daphnia presents a remarkable uniformity of structure through- 
out its length, and yet there appear to be three distinct regions so far as 
function is concerned — ^the absorption of the products of digestion 
appears to take place in the anterior section, digestion in the middle 
section, and the formation of feces in the posterior section. In Daphnia, 
albuminous bodies, fat drops, unicellular plants, carmine grains, etc., 
after being swallowed become massed in balls by means of some sticky 
substance. The insoluble food matters set free in the middle portion 
of the intestine by the preliminary digestion (fat globules, but not car- 
mine grains) are then forced back into the anterior section of the mid-gut 
and reach the openings of the liver diverticula, where they are taken up by 
the cells. The undigested — and undigestible — ^parts are then forced back- 
ward by the peristaltic movements of the intestine. If the animals have 
fed upon green plants there is to be found in the anterior third of the 
mid-gut a greenish liquid, which also penetrates into the liver diverticula. 
The middle third of the mid-gut contains a dark-green mass of still undi- 
gested food material, and the posterior third contains a mass of brownish 
material, collected to be evacuated. The distribution of the material 
in the intestine is effected by means of peristaltic and antiperistaitic 
movements. These movements involve not only the musculature of 
the intestine but the so-called liver as weU. The antiperistaitic move- 
ments begin at the boundary between the middle and end gut, and run 
forward. This wave of constriction pushes ahead of it both dissolved 
and undissolved substances toward the anterior section of the mid-gut. 
The effects of these movements can be very readily observed after feeding 
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Daphnia with egg yolk and carmine. A cohesive mass is quickly formed 
in the mid-intestine. As the process of digestion proceeds, fat globules 
and carmine particles become freed from the mass, are carried to the 
anterior section of the intestine, and into the ducts of the hepatopan- 
creatic glands. In a short time it is possible to see the lining cells of 
the diverticula filled with fat droplets, while the carmine particles are 
again forced back into the intestine. If the amount of fat taken in is 
not too great, the fat absorption will be found taking place in the anterior 
third of the intestine and in the diverticula. If the amount of fat taken 
into the intestine is larger, it is common to find fat globules in the cells of 
the middle third also. The feces, which are formed in the hind-gut, are 
pushed to the outside by peristaltic contractions which have their origin 
in the mid-gut. 

In the copepods Calanus finmarchicus and Diaptomus gracilis the 
water currents produced by the appendages may be observed under the 
microscope by placing colored starch grains in the water in which they 
are swimming. The movements of the limbs are made evident by using 
a stroboscopic source of illumination for the microscope. Calanus 
finmarchicus said Diaptomus gracilis both feed automatically when 
swimming slowly and steadily through the water. A feeding current is 
produced which is filtered by the stationary maxillae. Food so obtained 
is passed on to the mandibles by the maxillulary endites and setae on 
the bases of the maxillipeds. The feeding current is a vortex passing 
through the mouth parts which results automatically from the swimming 
activities of the antennae, mandibular palps, and maxillules. The feed- 
ing vortex is caused to pass through the maxillae by the combined 
activities of the maxillipeds and the maxiUulary exites. The former 
suck water into the filter chamber between the maxillae while the latter 
suck it out through the maxillary setae. There is no powerful antero- 
posterior swimming current. The swimming current is in the form 
of a vortex encircling the body and is most marked at the sides in the 
angle between the body and the antennules. 

The course of stained food particles through the intestinal tract of 
Daphnia magna and Simocephalus serrulatus can be observed under a 
microscope. Fibrin stained with phenol red changed from red (pH about 
8.2) to orange (pH about 6.8) in the tract below the heart and back 
to red as it neared the anus. Stained granules of starch showed the 
presence of a diastase. Fats passed through the gut very rapidly, and 
their absorption could not be detected. 

Digestion in the Cockroach. — In the Australian cockroach Periplaneta 
australasiae and in the American cockroach Periplaneta americana^ water 
and water-soluble substances do not pass through the wall of the crop; 
sugar is probably, therefore, not absorbed by the crop. The crop is an 
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important organ for the absorption of fats, but it has no power to digest 
them. There is some evidence to show that fatty acids are absorbed 
by the crop and remain unchanged in the cells after absorption. Lipase 
cannot be demonstrated in the cells of the crop, but it is present in the 
contents, due to regurgitation from the stomach and caeca. This 
regurgitated lipase causes all fat digestion occurring in the crop. The 
stomach and caeca are the only parts of the digestive tract which produce 
en 2 ;ymes. The juices of the stomach and caeca split proteins to amino 
acids, fats to glycerol and fatty acids, and starch and sucrose to glucose; 
the roach apparently cannot digest lactose or cellulose. Pepsin has not 
been found. The rectal glands have no digestive function, save, per- 
haps, a slight action upon starch. This may be due to the normal tissue 
amylase present in these cells. There appears to be a secretion of some 
sort formed under the intima of the rectal glands. Prolonged starvation 
causes no apparent histological changes in the cells of the rectal glands. 

By means of a colorimetric method for determining pH in very small 
amounts of liquid, Wigglesworth found that in cockroaches (Blatella 
germanica) the average pH of the saliva is 6,9, of the crop contents 5.2, 
and of the stomach 6.2. The acidity of the crop is due to the action of 
microorganisms, particularly yeasts, on sugar. The salivary glands 
secrete an amylase and in Blatella germanica (though not in Periplanefa 
americana)y an invertase. Extracts of the crop, when thoroughly freed 
from food contents, do not contain carbohydrates. The stomach and 
hepatic caeca secrete invertase, maltase, and small quantities of lactase. 
The amylase is inactivated by dialysis and is affected by salts in the same 
way as is human ptyalin. The ratio of amyloclastic to saccharogenic 
activity is similar to that of human ptyalin. Under the same conditions 
cockroach amylase is more resistant to acid (optimum pH 5.9). Cock- 
roach invertase is partially inhibited by 1 per cent NaCI, 20 per cent 
glycerol, and N/10,000 AgNOs. The pH-activity curve for cockroach 
invertase shows an optimal range of 5.0 to 6.2. Cockroach maltase is 
partially inhibited by 1 per cent NaCl and completely so by 1 per cent 
glycerol. It is adsorbed by powdered sand but can be extracted from 
this with phosphate buffer pH 6.8. Cockroach lactose, completely 
inhibited by 1 per cent glycerol, shows an optimal pH zone of 5.0 to 6,4. 

Digestion in the Scorpion* — ^Pavlovsky and Zarin have studied the 
digestive organs of scorpions. For the detailed description of the pre- 
oral cavity, mouth, pharynx, esophagus, stomach, intestine, liver, and 
Malpighian vessels it will be necessary to refer to their paper in the 
Quarterly Journal of Microscopical Science (1926). Amylase occurs in 
extracts of the liver but not in those of the stomach gland and mid-gut. 
Inulase is not found, and catalase is doubtful. The mid-gut and its 
glands contain no invertase. Pepsin and trypsin and. chymosin occur in 
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the liver and stomach but not in the intestine. The liver differs 
definitely from the stomach in that it is able to produce amylase and 
catylase. Extracts of the mid-gut are devoid of enzymes. 

Among the bees it is found that the enzymes are absent from the crop 
and the large and the small intestines of the worker and drone, except 
during the second half of hibernation. Then catalase appears in the large 
intestine. In the stomach are to be found cataiasOj amylase, inulase, 
lactase, in vertase, lipase, pepsin, trypsin, and rennin, but no emulsin.^ 

The Crystalline Style.— A structure which appears in the Mollusca 
and which has attracted the attention of many investigators is the crystal- 
line style. This structure is located in what may be termed the style sac, 
a groove on the left side of the anterior portion of the intestine, and is 
incompletely separated from the intestine by two ridges, the dorsal and 
the ventral typhlosoles which extend throughout this portion of the 
intestine. 

The style when fully formed fills the lumen of the style sac. It tapers 
from the front backward and becomes a mere thread at the posterior 
end of the style sac. The anterior end projects from the pylorus across 
the stomach cavity to the opposite wall. 

Nelson found that the style arises as a thin core of bubbly mucus 
upon which are deposited coaxial layers of a gelatinous protein containing 
enzymes. The movement of the style is of great importance in separating 
the food from foreign particles and in serving as a substitute for peri- 
stalsis. The style contains strongly amylolytic enzymes, and Roaf 
found that the crystalline style of Pecten contains an enzyme which 
coagulates blood plasma. A great variety of function has been assigned 
to the crystalline style. It has been referred to as an organ of support; 
as an organ in association with the gastric shield, for mastication; as a 
stirring rod for the stomach content during digestion; as an aid to absorp- 
tion either by pressing the alimentary matter against the absorbing 
epithehum or by acting as a plug to prevent too rapid movement of 
alimentary particles, and to prevent too large particles from entering 
the intestine; as a reserve of nutriment; as a source of nutriment to 
useful parasites; as associated in some way with processes of reproduc- 
tion; as a means of transporting nutriment; as a means of protecting 
delicate epithelia from abrasion by sand grains, etc.; as a mass of enzymes 
or enzymes and mucus. 

Oyster Gills as Food Collectors. — Galtsoff has made an experimental 
study of the role of the gills of the oyster as collectors of food particles 
and has described methods whereby the rate of flow of water produced 
by the ciliary epithelium and the pressure inside the gill cavity of the 

^ Phillips is not convinced of the accuracy of this statement. 
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oyster can be measured accurately. Without going into the details of 
his measurements and calculations, it may be said that the rate of flow of 
water produced by the gills is controlled by the temperature, the opti- 
mum lying between 25 and 30°C. No current is produced at 5°C. and 
below, although the cilia continue to beat. The absence of current at 
the low temperature is due to lack of coordination of ciliary action along 
the surface of the gill. Hibernating oysters do not exhibit any adapta- 
tion to low temperature; they begin to produce a current as soon as the 
temperature rises above the critical point. In the majority of the oysters 
the current begins to flow when the temperature reaches 8°C. There is 
considerable individual variation in the rate of flow of water produced by 
different oysters. The maximum rate of flow observed was 3.9 1. per 
hour, at 25°C. The cilia may continue to act at temperatures below 
0®C., but become very irregular. There is a noticeable difference in the 
efSciency of the frontal and lateral cilia, the former being able to transport 
particles along the surface of the gill at while the latter can produce 
a current only above 5*^0. In straining water through the gills, the 
oyster catches a considerable number of plankton organisms, but many 
(up to 19 per cent) escape. The number of organisms passing through 
the gills depends on shape and size; small, elongated forms, devoid of 
any appendages, pass easily between the lateral cilia and escape. Bac- 
teriological examination shows that 50 to 89.2 per cent of bacteria present 
in the sea water pass through the gills. The analysis of 132 daily records 
shows that the oyster has a tendency to keep its shell open as long as 
possible. On the average, the shell of an oyster remains open for 17 hours 
and 7 minutes during every 24-hour period. There is no correlation 
between the opening and closing of the shell and the time of day. 

Food Habits and Digestion of Echinoderms. — Microscopical and 
chemical analyses of the contents of different portions of the alimentary 
tract of Holothuria tuhulosa and of Holothuria sfellati show that the 
stomach contains very little food but is filled with a digestive juice having 
a pH of 5.1. Protein and biuret reactions are negative. The juice 
contains small quantities of proteolytic, sucrolytic, and lipolytic enzymes, 
and an organic acid which causes the stated acidity. Migrating cells 
are always present. The filtered liquid scarcely undergoes bacterial 
decomposition. In starving animals the digestive juice is changed into 
sea water within a few days. The extracts of the stomach wall and the 
Wundernetze too contain the same enzymes; the intestine itself is entirely 
devoid of them. Most concentrated preparations of the protease are 
secured from the stomach wall.; In the surviving stomach or intestine 
no active resorption of isotonic solutions occurs. Within physiological 
limits the gut wall appears to be impermeable to NaCl, urea, trypan blue 
and methylene blue, and most probably also to glucose. Water is 
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easily absorbed. In these cases the stomach epithelium behaves as a 
semipermeable membrane. When pathological conditions are induced, 
the same epithelium reacts as a simple diffusion membrane. 

The food of Strongylocentrotus varies widely in different parts of the 
world and in different habitats. In Puget Sound it feeds mainly upon 
living plants and plant debris. The digestive tract (pH 6.2 to 6.6) 
contains two proteolytic enzsunes, the optima for which are pH 2.4 and 
6.6 plus. The amylase acts most rapidly at pH 7.5. No lipase was 
demonstrated.^^^^^^^ ^ 

Rate of Digestion in Gold-blooded Animals.— The mere fact that 
different animals are equipped with the same types of catalytic agents 
cannot be taken as evidence that the digestive processes are likely to go 
on at the same rates in the different forms, even under simil a r conations. 
Riddle has shown, in a comparative study of the digestive processes in 
the fish Amia, the frog Rana, the salamander Necturus, and the turtle 
Emydoidea, that there is a very considerable variation in the rate of 
digestion in these forms, being most rapid in the fish and slowest in the 
turtle. The season is an important factor in modifying the rate of diges- 
tion. This may be due simply to the effect of temperature, which has, 
of course, an important effect upon the rate of these chemical reactions. 
The minimum temperature at which digestive processes can occur is not 
the same in the different forms but is lowest in those forms which hold the 


Table 65. — Values op Alimentary Organs op Some Invertebrates 


Species 

Stomacli 

(crop) 

pH 

Mid-gut 

pH 

Mid-gut 

glands 

pH 

Paramecium caudatum (food vacuole) 

5 or higher 
7.4 -7.8 



Thy one hriareus 

7. 0-8. 2 


Arhacia punctulata, 

7. 2-7. 8 


Holothuria stellati 


5. 1-5.6 


Pecten maximus 

5.4 -5.8 

6 . 8-6. 2 

5. 5-5. 8 

Mya arenaria 

5.6 -6.0 

' 6. 0-6.4 

5. 6-5. 8 

Doris tuherculata 

5,6 -5.8 

5. 6-6.0 

Crepidula fornicata 

5.8 -6.2 

6. 7-7,0 

6. 1-6.3 

Patella vulgata. 

5.4 -5.7 

7. 8-8.0 

5. 6-6.0 

Aplysia punctata 

5.4 -5.8 

7, ^7, 8 

5. 8-6.0 

Helix pomatia 

i' 5.4 

Potosia cuprea 




Homhyx mori 




Blatta germanica 

4.6 -6.0 

6. 0-6. 4 


Chironomus 

6.17-6.2 



Apis mellijica 



Astacus fluviatilis 

5.8 -6.0 





liliillii 
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lowest position in the animal scale, the order being Amia, Necturus, Eana, 
turtle. Likewise the maximum temperature at which the digestive 
processes may go on is highest for those animals which are highest in 
the animal scale. 

Riddle has presented the relative rates of digestion in the forms named 
in a series of proportions. They are as follows: 


Rate of digestion in Amia :that in frog : : 7: 6 

Rate of digestion in Amia :that in Necturus: : 17: 8 

Rate of digestion in Amia : that in turtle :: 29: 14 

Rate of digestion in frog :that in Necturus: : 31 : 16 

Rate of digestion in frog :that in turtle : : 2: 1 

Rate of digestion in Necturus: that in turtle :: 117: 113 


The table on page 381 (Table 55) shows the pH values of stomach, 
mid-gut, and mid-gut glands of a number of representative invertebrates. 

Carbohydrate Digestion in the Turtle. — Wolvekamp, in a study of 
carbohydrate digestion in the intestine of the turtle, has observed that 
whereas in fishes amylase and saccharase probably occur only in the 
pancreatic juice and not in the intestinal juice, in reptiles (Testudo graeca 
and Emys europaea) the distribution of the carbohydrases is like that in 
mammals in that most or all of the amylase is secreted by the pancreas; 
maltase is secreted to a large extent by the intestine, whereas, with 
pancreatic extracts, only a slight breakdown of maltose is to be observed. 
Saccharase is secreted only by the intestine. The optimum for amylase 
lies at a pH of 6.5 ± ; for maltase the optimal range is wider. 


CHAPTEE XIII 


ABSORPTION 

It has long been a matter of interest to physiologists to discover how 
substances made up of large molecules are enabled to make their way into 
the protoplasm of the cells of the organisms. It is, of course, an easy 
matter to account for the absorption of substances of low molecular 
weight, but it is not easy to account for the absorption of the substances 
which do not readily go into solution or whose molecules are so large as 
to prevent them from passing through membranes with ease. 

Provisions of Absorptive Surface.— Jordan calls attention to some 
of the provisions made in different animal groups to insure proper and 
sufficient absorption. 

1. In general, the area of absorptive surface is roughly proportional 
to the rate of metabolism of the animal. 

2. Food habit is a factor in determining intestinal length. Car- 
nivorous animals have shorter intestines than herbivorous or omnivorous 
animals. Jordan says, ‘^The hard components of plant food lead to a 
greater growth of intestine.^^ The question may be raised as to whether 
this is the correct explanation of differences in length of intestine in 
animals of these different groups. 

3. Increase of surface for absorption is provided in a variety of ways: 

а. Among fiatworms, by branching of the alimentary tract. 

б. Among earthworms, by formation of typhlosole, and by segmental 
out-pouchings of the stomach intestine. 

c. Among leeches, by the formation of a short mid-gut. 

d. Among snails, mussels, and crustaceans, by formation of a mid-gut 
gland. 

6. Among insects and spiders, by development of caecal pouches. 

/. Among amphibia, by a folding of the lining epithelium of the 
intestine; 

g. Among mammals, by increasing length of intestine, and by the 
formation of intestinal villi. Verzar and Kokas have shovm that the 
intestinal villi play a large role in absorption. The villi swell up at once 
when surrounded by water or salt solution. The liquid appears to force 
its way through the epithelium into the central lymph space and com- 
pletely to fill it. The villi are capable of independent movement and 

contract strongly when fully distended, becoming much shorter, and thus 
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pumping the contained liquid into underlying lymph spaces and blood 
capillaries. 

Nature of Absorptive Process. — In spite of the large amount of work 
which has been done in an attempt to explain the taking up of food 
substances from the alimentary canals of animals, it must be con- 
fessed that there is still much confusion as to the nature of the processes 
involved. Some opposing points of view may be mentioned : One group 
of workers takes the position that absorption of food matters from the 
alimentary tract involves the expenditure of energy upon the part of the 
absorbing cells. Another group holds that the passage of food substances 
through the intestinal walls is simply a case of diffusion or dialysis of 
dissolved matters through a membrane, and wholly explainable upon a 
physicochemical basis. Still another group holds that our understanding 
of the physics and chemistry of cells and cell membranes is not sufficient 
to explain the facts of absorption and that the explanation may lie outside 
the realms of physics and chemistry. 

Jordan^s Views on Absorption..— H. J. Jordan, in his very excellent 
^'Allgemeine Vergleichende Physiologie der Tiere,^’ contends that 
previously advanced physicochemical explanations of absorption are 
untenable. Such explanations involve diffusion-pressure differences. 
Jordan says, ''The living intestine transports liquids from its inside 
to the blood without the existence between the two of an osmotic pressure 
difference.^’ He maintains, upon the following grounds, that absorption 
is not subject to a physicochemical explanation: 

{a) The transport called absorption (resorption) is strongly polarized, always 
going from the intestinal content into the blood and never in the opposite direc- 
tion. (6) If one fills an intestinal loop (completely tied off) with sugar solution, it 
will after a lapse of time be found completely empty. Never would such a result 
occur in a laboratory osmotic system, (c) Genuine absorption is bound with the 
life of the intestinal epithelium. As soon as the intestinal epithelium is killed 
it acts like a parchment membrane, t.e., it allows liquids to pass equally well in 
both directions, each according to the direction of the osmotic pressure difference. 

It seems to the present author that Jordan loses sight of the fact 
that it is not the total osmotic pressures of the solutions which are to be 
considered in the matter of absorption but rather the concentration of 
each of the dissolved substances on the two sides of the membrane. 
Each dissolved substance acts by virtue of its own partial pressure in 
the solution. So long as any substances a, 6, and c, etc., are more concen- 
trated upon one side of the membrane than upon the other, there will 
tend to be a movement from the position of higher concentration toward 
the position of lower concentration until an equilibrium is established — 
provided the membrane is permeable to these substances. There can 
be no question that the membranes of living cells behave differently from 
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those of dead cells or of parchment. In just what respects these mem- 
branes are different has not yet been determined. Undoubtedly cell 
membranes contain protein and lecithin and probably many of them 
contain cholesterol. They are highly complex as compared to a parch- 
ment membrane. The criticisms offered do not invalidate a purely 
physicochemical explanation. They simply call attention to the fact 
that physicochemical investigations of membranes have not yet gone 
far enough. Also it must be kept in mind that, when a molecule of a 
substance has passed through a membrane in an animal body from a 
region of higher concentration to one of lower concentration, it almost 
immediately and automatically is removed from its sphere of influence 
as a factor in further osmotic interchange. It passes into lymph or 
blood, which is constantly in movement, and is soon removed entirely 
from the liquid by being taken up by some cell, assimilated into the 
materials of the cell, and thus lost as a factor in further absorption proc- 
esses. In so far as actual metabolism may enter into the disposal of 
materials diffusing into the cell, it may be allowed that energy may be 
expended, and even an increased amount of oxygen may be used. That 
an increased amount of oxygen is used by cells through which water 
and substances in solution may be streaming must still be considered 
unproved. 

In spite of the possibility of some confusion and even contradiction, 
it is the author’s purpose now to present the views of Jordan concerning 
the taking up of food materials in representatives of various animal 
groups- Jordan contends that genuine absorption appears first among 
the higher invertebrates. Among the lower invertebrates food particles 
are taken up by the phagocytic action of the intestinal epithelial cells, are 
digested, and then passed on from the phagocytes into the connective 
tissues which underlie the intestinal ceUs. From these the food materials 
may pass into the blood stream, as shown by Hirsch in the case of snails. 
The activity of the phagocytic cells in the lining of the intestine is 
apparently not unlike that which occurs in the handling of food materials 
by the protozoa. Food vacuoles are formed, and in these the digestive 
processes occur. Nothing is known concerning the absorption of digested 
food materials from the vacuoles of the protozoa or intestinal phagocytes. 

Permeability and Absorption. — Absorption depends upon the ability 
of dissolved substances to pass through cell walls. Epithelia are sup- 
posed to have semipermeable walls. In the case of the crayfish, the 
linings of the stomach and hind-gut may serve as examples of such semi- 
permeable tissues. In this form, absorption is limited to the very short 
mid-gut and the mid-gut gland. The hind-gut apparently serves only 
to carry off unusable materials and probably, along with the stomach, 
for the absorption of water only but not of dissolved materials. 


386 


TEXTBOOK OP COMPARATIVE PHYSIOLOGY 


Absorption by Phagocytosis. — In the ease of the holothurians he finds 
no suggestion of a true absorptive process but that the food materials 
are taken up in particulate form by the epithelial cells and are transported 
by them to the body fluid. 

Absorption in Helix. — In the case of Helix pomofo'a, Jordan states 
that the mid-gut gland of the gastropods seems fitted for phagocytosis. 
The long intestine, on the other hand, does not act phagocyticaUy nor 
is it fitted for genuine absorption. One may fill the intestine with blood- 
isotonic solution, and there will never occur that total emptjdng char- 
acteristic of true absorption. After 3 days the intestine is as full of 
liquid as at the beginning of the experiment. But if one employs for 
the filling of the intestine a blood-isotonic sugar solution, there will occur 
a lowering of sugar concentration, but little change in total content will 
occur. A large part of the sugar diffuses into the blood. The intestine 
of the vineyard snail has about the permeability of parchment paper 
or of dead vertebrate intestine. The chief site for food absorption is m 
the mid-gut gland. 

Jordan says concerning the passage of materials through the intestinal 
wall cells that all attempts at a physicochemical explanation of cell 
permeability run aground on the fact that the membranes invertigated 
by physicochemists behave purely passively in the matter of permeation, 
whereas the protoplasm of the living body cells takes part actively in 
permeation. Hoeber says that the surfaces of tissue cells are imperme- 
able for all those stuffs which the cells need. Still, the cells have the 
ability to take up these materials. In the case of each tissue cell a 
changeableness of permeability must be present, but that means that the 
particles of the surface are able actively to change their position relative 
to each other. Certain peculiarities of absorption cannot be explained 
merely in terms of the width of capillary spaces or pores through which 
the passage takes place but must involve as well the polarized structure 
of the cell membranes. 

Absorption from Vertebrate Intestine. — The vertebrate intestine is 
permeable to glucose but not to disaccharides. These latter diffuse 
almost as well through parchment paper membrane or through snail 
intestine as glucose. Even more clearly does this peculiar property 
of the cell surfaces appear when a study is made of the permeation of 
larger molecules. In addition to this molecule permeation there appears 
semicolloid permeation and also coEoid permeation. As semicolloid 
permeation ^ we may cite Congo red and peptones as examples. As 
examples of colloids which have been found to be absorbed may be named 
collargoi and iron saccharates. Also, Cohnheim, in 1908, supposed 
that native albumin could be taken up by the mammal intestine. In 
other words, permeability is a^dat^ not only with genuine solutions 
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but with other solutions containing particles up to 0.1 pt in diameter. 
Genuine phagocytosis, i.e,, permeation of particles greater than 0.1 
in diameter, appears occasionally, e.gr., in the young mouse. This last 
form of permeation can hardly be imagined to be different from the active 
movement of plasma molecules. 

The Histophysiology of Absorption. — ^Jordan says: 

How presumptuous it is to carry over the results of Physico-Chemistry to 
the absorption process in the case of animals is shown by an experiment in which 
iron is allowed to be absorbed by the intestinal cells and is then later micro- 
chemieally detected in the cells. When one lets iron diffuse through the wail 
into the intestine of the vineyard snail and immediately fixes the tissue, one can 
barely find a blue shimmer in the cells. However, it is always completely diffused 
in the protoplasm of the cells. In the case of absorptive cells in which a genuine 
activity is a fundamental condition for the taking up of materials a different 
condition is found. In the phagocyiic cells of the intestine the iron appears in 
two ways: first, a short time after feeding, the iron appears diffused into the 
protoplasm next to the lumen, while after two days it is found organized into 
round granules, and the diffused appearance has vanished. 

In the case of higher animals (vertebrates or invertebrates) the iron used as 
a food has been described mostly in the form of vacuoles, never in a diffuse condi- 
tion. It is not intended here to say that in a systematic investigation one might 
not find the diffuse condition, for Hirsch and Jacob did find in the crayfish such a 
diffuse arrangement, by a very careful step by step investigation. The cytoplasm 
serves to concentrate the stuffs taken up, aggregates them from the protoplasm 
and precipitates them in vacuoles (Annelids, crabs, insects, Rana, etc.). The 
passage of the iron into and through the ceils is not unlike that of normal food 
materials as shown by the investigations of Hirsch on Murex. He was able to 
follow the iron from its absorption clear through the blood stream. In addition, 
in the case of numerous invertebrates, cellular inclusions occurring in the absorb- 
ing mid-gut cells remind one strongly of the iron containing vacuoles, although 
these inclusions consisted of the ordinary foodstuffs, fat and glycogen. The 
intestinal epithelia, especially those with resorptive functions, have no mem- 
branes, but they consist of active cells whose activity presupposes the ability 
actively to affect a rearrangement of parts. This rearrangement of plasma parts 
must be responsible not only for the taking up of large food particles (in extreme 
cases phagocytosis) but also for the storing up and for the giving off of foodstuffs 
to the blood, according to the degree of the need. 

Possible Methods of Fat Absorption. — ^A number of suggestions have 
been made as to fat absorption by animals. Fatty matters in large 
masses are not able to pass through cell membranes with any appreciable 
rapidity. There is no certainty that the same method applies in all 
cases, and it may be true that evto in the same animal more than one 
method may be employed at different times. In general, there seem to 
be the followdng possibilities: 
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1. The fat may be absorbed in the form of minute droplets which are 
broken off from the fatty masses in the alimentary tract or which may 
be separated from the fat masses by the activity of the absorbing 
cells. 

2. The fat may be digested in part by lipase, forming fatty acids and 
glycerine. This fatty acid may then assist in emulsifying the remaining 
fat, and the fine emulsion thus formed may be absorbed by the epithelial 
cells of the alimentary tract. The manner in which the minute fat 
droplets get into the cells has not been explained, though attempts 
have been made to show that the cells possess amoeboid properties. 
The suggestion has also been made that the cilia which are in many cases 
found upon the free borders of the absorbing cells may play an active 
part in the fat absorption. 

3. There is the possibility that the fats may be absorbed in the form 
of fatty acid and glycerine, resulting from the digestion of the neutral 
fat by the lipase. 

4. According to the solution theories, the fat may be absorbed in the 
forms of soaps. These theories assume that the neutral fats are split into 
fatty acids and glycerine by the lipase found in the pancreatic or other 
digestive juice; that the fatty acids unite with the alkali of the intestinal 
secretions to form soaps; that these soaps are soluble in water, and are, 
along with the glycerine, absorbed into the epithelial cells and there 
resynthesized into fat. 

In favor of the theory that the fat is absorbed in the form of soap, 
it may be said that it has been shown that alkaline soaps can be absorbed, 
and that a mixture of soap and glycerine can be synthesized into fat 
within the cells. It is also true that soaps are found in the intestine only 
in small amounts, thus indicating that soap absorption is rapid. Dis- 
solved fatty acids may be absorbed in small amounts. The fatty acids 
are practically insoluble in water but are slightly soluble in bile. 

Among the objections to the soap-absorption theories are the facts 
that the reaction of the intestinal content during absorption is acid, 
and that it is impossible for soaps to exist in an acid medium. This 
might be overcome by saying that the acidity of the intestinal content is 
due to the presence of organic acids, coming probably from the split fats, 
and that these do not act in the decomposition of soaps. 

It has been suggested that an enormous amount of alkali would be 
required to unite with the ordinary amounts of fatty acids present, but 
this theory loses weight when the process of resynthesis is considered. 
As soon as the soaps reach or enter the epithelial cells, the fatty acid is at 
once liberated and reacts with the glycerine in the formation of neutral 
fat, and the whole of the alkali is set free to be used again in saponification 
of a new supply of fatty acid. 
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Brief Historical Statement. — very brief summary of tbe history of 
our knowledge of fat absorption may be of interest. The jSrst histological 
demonstration of the absorption of fat by the intestinal epithelium was by 
Webber in 1860. Just a few years previously von Kdlliker had shown 
that fat may be absorbed by the stomach in the dog, cat, and mouse. 
In 1902, Schilling was able to show the presence of fat droplets in the 
epithelial cells of the gastric mucosa of the calf. Van Herwerden in 
1908 showed that following feeding with fat there is an abundance of fat 
droplets in the lining epithelium of fishes. Greene in 1912 show’-ed that 
the king salmon is able to absorb fat from all parts of the alimentary 
tract and that this is the prime function of the pyloric caecum. In the 
same year Greene and Skaer demonstrated the absorption of fat in the 
stomach of the dog, cat, and rat. It has also been found in the author^s 
laboratory that it is possible for the earthworm, the salamander Diemy- 
ctylus, and the frog to digest imdivided fat and to absorb it from all 
regions of the intestine. Sanford has shown essentially the same for the 
cockroach. It may therefore be stated that fat absorption is a possi- 
bility in all classes of animals above the worms. 

As far back as 1838, Marcet showed that when dogs are fed upon 
cooked meats and mutton fat and the content of the intestine examined 
after 4 or 5 hours a considerable amount of fatty acid is always to be 
found. Cash in 1860 also found that there is an increase in the amount 
of fatty acid present when neutral fats were subjected to the action of 
extracts of the gastric mucosa in the presence of hydrochloric acid. Both 
of these observations add weight to the suggestion that lipase is to be 
found in the gastric secretion and that there is an active splitting of the 
fat into fatty acid and glycerine. 

Brucke was responsible for the idea that fat is absorbed in the particu- 
late form. Since his work was published, others have given attention 
to the manner in which the fat is absorbed. Krehl, in 1890, found that 
fat is absorbed in the dissolved condition and then resynthesized within 
the epithelial cells. Rachford, in 1891, found that the pancreatic juice 
is capable of hydrolyzing all the fat of an ordinary meal in the normal 
period of pancreatic digestion. Monk holds that the fat is absorbed in 
the form of fatty acid and glycerine. Moore and Rockwood in 1897 came 
to the conclusion that fats are absorbed both as fatty acids dissolved in 
bile and as soaps. If the reaction of the intestinal content is alkaline, 
the absorption is believed to be as soaps; if it is acid, both methods may 
be employed. They do not believe that fats are absorbed in the form 
of emulsions but think that emulsifying aids in the absorption. In 
1898, Cunningham put forward the idea that oil in the finely divided 
or emulsion condition is more readily absorbed than when not so divided. 
This is because of the much greater surface of contact. Whitehead in 
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1909 and P lan t, in 1908 had both come to the conclusion that fat is 
absorbed from solution as soap and not from an emulsion. Hawk also 


has accepted this idea. 
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Of course, the really great advance in our understanding of this whole 
matter came from the investigations of Kastle and Loevenhart, who 
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Fig. 61. — Diagram to illustrate fat digestion and absorption. 


worked out the idea of the reversible action of lipase. According to this 
theory the fat will be first acted upon by the lipase and split into fatty acid 
and glycerine. If the fat is emulsified by the action of bile, the action 
becomes the more rapid. The fatty acid and the glycerine may then 
diffuse through the exposed border of the absorbing cells, or the fatty 


Fig. 62. — Lining epithelium of the stomach intestine of the earthworm, unstained, contain- 
ing no fat. This worm had been starved for a few days, then killed and sectioned. 

acid may enter into combination with the alkali in the lumen of the 
intestine to form soap, in which case the soap is free to diffuse into the 
cell. Within the ceils the soap may be broken down and the fatty acid 
liberated. The liberated fatty acid or the acid which has diffused into 
the cell is then ready to enter into combination with the glycerine which 
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Fig. 63. — ^Lining epithelium of the stomach intestine of the earthworm after feeding with 
olive oil. Fat droplets shown in black in the outer ends of cells, but never in the striated 
border. Little fat in proximal ends of cells. Preparation fixed in Flemming’s solution, 
not stained. 




Fig. 64 . — ^Lining epithelium of the stomach intestine of the earthworm, showing a condition 
of approximately maximum fat absorption. Technic same as in preceding figure. 
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Fig. 66. — Section cut transversely to 
the long axis of the epithelium cells lin- 
ing the stomach intestine of the earth- 
worm. Note that fat absorption occurs 
in certain cells only, while others, the 
secreting cells, contain no fat. 

are devoid of any fat droplets. In Fig. 63 is shown a similar preparation 
of the stomach intestine of an earthworm which had been fed upon olive 
oil some 12 hours before being killed. Note the presence of the blackened 
fat droplets in the outer ends of the epithelium cells. Figure 64 repre- 
sents the condition of the fat-absorbing cells of the earthworm about 
24 hours after feeding with olive oil. Not all of the epithelium cells are 
involved in fat absorption. This fact is made evident by a glance at 
Fig. 65, which shows the epithelium cells of the stomach intestine of the 


Fig. 66. — Photograpb of the in- 
testinal epithelium of the frog Rana 
^alustria, showing a high degree of 
fat absorption. 


has also diffused into the cell. This action takes place within the cell 
under the influence of lipase. Before the fat is again to leave the cell, 
there must be another splitting of the fat into fatty acid and glycerine. 
Figure 61 indicates in a graphic way some of the possibilities of the case. 

Experiments made in the author’s laboratory by some of his students 
indicate that fat absorption occurs very readily in the stomach intestine 
of the earthworm and in various portions 
of the intestines of the frog and salaman- 
der. In Fig. 62 is shown a section of the 
wall of the stomach intestine of an earth- 
worm which had been starved for several 
days. The preparation was fixed in 
Flemming’s solution, sectioned, and 
moimted unstained. Note that the epi- 
thelium cells lining the digestive cavity 
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earttiworm cut across their long axis. The absorbing cells are filled 
with the blackened droplets of olive oil. In between these cells are the 
enzymes of importance to the earthworm. In Fig. 67 is shown a sketch 
of a bit of the lining epithelium of the stomach intestine of Lumbricus, 
indicating the existence of at least three sorts of cells in this layer. Simi- 
lar absorptive conditions may also be demonstrated in the intestinal epi- 
thelium cells of vertebratesj as is shown in Fig. 66. This is from a 
section of the intestine of a frog which was killed a number of hours after 
feeding with olive oil. The fact of absorption is shown here as clearly 
as in the earthworm. It should be noted that in no case is there any 



Fig. 67. — piece of cross section through the stomach intestine of Lumhricus. hlg^ 
blood vessel; chlz, chlorogogue cells; ep, intestinal epithelium; cz, ciliated cell, fat absorptive; 
fZt secretory epithelial cells; ci, yellow cells; pZ, plasmodium in an intestinal vessel, 

indication of fat droplets in the borders of the cells or in the very outer- 
most layer of cytoplasm of these absorbing cells. 

Jordan and Mellanby on Fat Absorption. — Jordan seems committed 
to the idea of the absorption of fats in the form of sodium soaps and 
glycerine as a general principle. He also quotes the work of J. Mellanby 
who studied the digestion and absorption of fat in cats. Mellanby found 
that the injection of emulsified fat into the duodenum leads to no absorp- 
tion of fat, no secretion of pancreatic juice, and no change in the secretion 
of bile. Also, negative results are obtained when emulsified fat pre- 
viously digested with an active lipase is injected into the duodenum. 
The injection into the duodenum of emulsified fat to which bile has been 
added causes: (1) the rapid absorption of fat into the lacteals; (2) the 
secretion of pancreatic juice; and (3) an increased flow of bile. Injection 
into the ileum of a similar mixture of fat and bile causes: (1) slow absorp- 
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tion: of' fat;^ (2) ^no ^secretion- of pancreatic : juice; (3) increased flow of 
bile. The amount of lipase in pancreatic juice and alimentary canal 
of the cat is very small, and fat does not require to be hydrolyzed by 
lipase before intestinal absorption takes place. Probably the small 
amount of lipase leads to the formation of a fine emulsion of fat which is 
essential to rapid absorption when admixed with bile. The fat passes 
in a very finely divided state (possibly molecular) through the columnar 
cell. . 

Absorption of Carbohydrates and Proteins.— It is a matter of regret 
that there have not been developed methods by which it might be 
possible to trace directly the absorption of the products of carbohydrate 
and of protein digestion. It is known that the carbohydrates generally 
are broken down into the simple sugars, dextrose and levulose, in the 
alimentary tracts of animals and that these same sugars occur in the 
circulating blood. It is also true that the sugars occur in greater concen- 
tration in the blood just coming from the intestine than in blood in other 
regions of the animal body. It is also known that proteins are broken 
into amino acids in the course of digestion, and methods have been 
devised by which it is possible to , detect the presence of amino acids in 
the blood stream. 

Place of Absorption , — ^Among the lower metazoa absorption of food 
appears to occur chiefly in the lower or posterior portion of the alimentary 
canal, and in some cases through the linings of the so-called livers, or 
digestive glands. Among the higher animals absorption occurs only 
rarely through the epithelial linings of the esophagus or stomach, 
nearly all food materials and water being absorbed through the lining 
epithelium of the intestine. Sugar appears to diffuse directly from the 
lumen of the intestine, through the epithelium cells covering the villi 
or folds of the small intestine, into the blood as it circulates through the 
capillaries of the mucous membrane. The prevailing idea concerning 
the absorption of the products of protein digestion is that the amino acids 
coming from the digestion of the protein food diffuse directly through 
the epithelium lining the waU of the intestine into the blood stream. 
Some small portion of the amino acids may diffuse into the lymphatics 
and thus reach the blood in an indirect manner. From this blood — 
which after the digestion of a meal is a solution of various amino acids, 
sugars, and fats — the tissue cells select the particular elements needed 
for their constructive, repair, or other work. 

Method of Ahsorption . — ^Various authors have found it impossible to 
harmonize the absorption of food substances with the generally accepted 
notions concerning osmosis. They have, therefore, postulated a selective 
action upon the part of the absorbing cells. Such selective action would, 
of course, involve the expenditure of energy upon the part of the absorb- 
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ing cells— and sucb. expenditures of energy have not as yet been clearly 
demonstrated. 

Experiments have shown that equimolecular solutions of different 
substances are absorbed from isolated loops of intestine at different 
rates. This fact appears to be in harmony with observations made upon 
the relative rates of diffusion of different substances through parchment 
and similar membranes. In the case of nonliving membranes difference 
of rate of diffusion is interpreted as indicating difference in molecular 
sme, difference in the solubility of the diffusing substance in the sub- 
stance of the membraney or difference in the diffusion pressure of the 
substances in solution. In every case diffusion appears to occur in the 
direction of from higher to lower concentration. The diffusions which 
occur in the absorption of food materials appear, therefore, not to be 
different in kind from those which take place in the processes of respira- 
tion; nor do they seem to be of a different sort from those which occur 
in the laboratory through parchment membranes. 


CHAPTER XIV 

UTILIZATION OF FOOD MATERIALS IN THE BODY 


A statement of the needs of every animal body for materials to 
repair the worn-out protoplasm, to build new protoplasm, and to supply 
energy to run the body machine has already been presented. It has 
been pointed out that animals, in general, require highly complex sub- 
stances as the basis of the food supply and, in particular, substances 
which contain nitrogen, sulphur, and phosphorus. These are the pro- 
teins. To these should be added the carbohydrates and the fats, organic 
substances which can supply heat energy but which cannot supply the 
needed nitrogen. 

As the result of digestive processes there comes to be in the alimentary 
tract a solution containing not only proteins, starches, disaccharides, and 
fats but also the products of the digestion of their substances, viz., 
amino acids, simple sugars, fatty acids, and glycerine. These substances 
are all of relatively low molecular weight and diffuse readily through the 
membranes of the epithelium cells which line the alimentary tract. 
They soon appear in the circulating fluids of the body. 

Among the higher animals the amino acids are probably absorbed 
directly into the blood capillaries and are not rebuilt into proteins 
in the intestinal epithelium. The sugars also diffuse directly into the 
blood stream. The fatty acids and glycerine, on the other hand, diffuse 
into the lining epithelium cells and are there rebuilt into fat droplets. 
Sooner or later they are again split into fatty acids and glycerine and pass 
into the lacteals or lymph spaces, where they are recombined into fat. 

Factors Determining Value of Protein Food. — ^The value of protein 
as food depends in part upon digestibility. Many proteins, particularly 
those of animal origin, may be very completely digested. Some, like 
the proteins of egg white, are relatively indigestible. Egg white m its 
most favorable condition is about 58 per cent digestible; raw, it is much 
le® digestible. Proteins of beans and peas range from 70 to 80 per cent 
digestibility; those of apples, prunes, and strawberries are extremely 
indigestible. These differences in digestibility are in part due to the 
presence in them of indigestible ca,rbohydrates. 

For a long time it was supposed that protein building takes place in 
the epithelium cells of the alimentary tract. The chief reason for this 
belief was the lack of suitable methods for detecting the presence of 
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amino acids in the blood. Such methods have now been devised, and 
there is very good evidence in favor of the transportation of amino 
acids as such in the blood stream. As a part of this evidence there should 
be mentioned the work of Buglia (1912), who found that it was possible 
to inject into the veins sufficient amounts of amino acids to meet the 
nitrogen food requirements of the animal body. 

There has already been given a list of the amino acids which have 
been found to enter into the structure of protein molecules (page 310). 
Out of these primary building blocks are built all the various proteins. 
In Table 56 is shown the percentage composition of some 46 differ- 
ent protein substances, the analyses of which are more or less complete. 
There is still some doubt as to the exact number of molecules of each 
amino acid which enters into the composition of each of these proteins 
and of their arrangement in the protein molecule. The evidence given 
in this table indicates the very great differences in the structure of these 
particular proteins. There can be no question that the proteins of differ- 
ent animals represent different combinations of these amino acids. It is 
probably equally true that in a single animal the proteins of the different 
tissues are just as truly different as are those of different species. If 
the proteins of every species of animal are in some respect different from 
those of every other there must be an almost unlimited number of forms 
of protein molecules developed in different animal tissues. Of course, 
the total number of compounds which can be formed from the 22 or more 
different amino acids is very great. 

Adequate and Inadequate Protein Foods. — For the building of any 
particular protein certain definite amino acids are necessary. Different 
proteins call for different combinations of amino acids. For example, 
tryptophane is an amino acid which is found entering into the composition 
of many proteins. If the diet of the animal fails to contain tryptophane, 
it will be impossible for the animal to construct the essential protein. 
The same would be true for any essential part of any other protein. 
The animal cannot build its proteins unless it has the proper building 
blocks- For example, Osborne and Mendel found that the protein zein 
of mai^ie, which is lacking in tryptophane, lysine, and cystine, is an inade- 
quate food for rats. Gliadin, found in wheat and rye, and hordein, found 
in barley, are proteins lacking in lysine. They permit the maintenance 
of body structure but do not provide for growth. Casein, edestin, 
gluten, lactalbumin, and vitellin are, on the other hand, adequate for 
maintenance and growth. 

Some amino acids, such as glycine, may be manufactured within the 
animal body. This would make possible the use of food lacking in gly- 
cine for protein building, even though: gljrcme is needed for the protein 
of the body. Tryptophane, lysine, and tryosine cannot be so manu- 
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factured in tlie bodies of higher animals, and must therefore be compon- 
ents of the food proteins taken in. Some proteins are better foodstuffs 
than others because of the particular combinations of amino acids which 
they bring to the body tissues. 

Some proteins contain amino acids which the animal does not need 
for building its own proteins. Other protein foods lack amino acids which 
the animal must have. These facts make it clear that not all proteins 
have the same biological value. 

Some proteins contain fragments which are digested with very great 
dilKculty; others contain substances which exert an inhibitive effect upon 
proteolytic action. In some cases the digestion of a certain protein in 
the diet is conditioned by the presence of another protein. 



The net protein value of a protein food may be calculated as a func- 
tion of the percentage of the proteins in the food substance, the percent- 
age of digestibility, and the percentage of availability (the percentage 
that can be used to meet the protein requirement at ordinary levels of 
protein intake). Mitchell cites two cases illustrating this point: Beef 
contains 20 per cent protein, of which 95 per cent, or 19 per cent of the 
total, is digestible. If only 80 per cent of this can be used by the body, 
the net available protein is 16.2 per cent. Navy beans contain 22 per 
cent protein, of which 80 per cent, or 17.6 per cent of the origin, is 
digestible. Since only 38 per cent of this amount is available for body 
purposes, the net is 6.69 per cent. 

In general, animal proteins serve better than plant proteins. This 
difference in nutritive value was set forth by Karl Thomas, who took 
starch and sugar in large quantity in his diet, determined the minimal 
loss of body protein under these circumstances, and then added to the 
diet food materials containing different proteins, in order to determine 
their relative power in sparing the body from a loss of tissue protein. 
The values given below Thomas named as theiiologic values of the proteins 
employed. 

Table 57. — Biologic Values of Diffebbnt Proteins, as Measured by the 
Percentage Quantity of Body Protein Which Their Ingestion Will 

Spare from Loss 


Ox meat 

Cow^s milk. , 

Fisk... 

Bice 

Cauliflower. . 
Crab meat . . 

Potatoes 

Cherry juice 


Yeast 

Casein 

Nutrose. . .. 

Spinach 

Peas 

Wheat flour 
Commeal. . 


Amino acids not used to build proteins can be used for energy. While 
the Ml history is not known, it is khoTito that deaminization occurs. This 


ABSORPTION 


401 


means that an NH2 group is split off to form ammonia and that this is 
later changed to urea and eliminated. The part of the amino acid 
remaining may be oxidized to furnish energy or built into sugar or fat and 
oxidized at some later time. The amino acids may thus serve to supply 
energy just as sugar or fat. 

Among mammals, deaminization occurs in the liver, though this may 
not be the only place in the body where it can occur. 

The amino acids which are most likely to serve as a source of sugar 
in the body are glycine, alanine, aspartic acid, glutamic acid, proline, 
arginine. Leucine, lysine, and tryptophane do not serve as a source 
of sugar. 

In every organism, two sets of processes take place side by side, 
anabolic or constructive and catabolic or destructive. During early life, 
every individual shows an excess of anabolic processes, as is evidenced by 
increase of body mass and weight. This occurs notwithstanding the fact 
that the youthful individual is, on the whole, more active than the older 
of the same kind. During middle life anabolic and catabolic processes are 
nearly equal in amount. During later life the catabolic processes are in 
excess and are indicated by loss of weight of body tissue, frequently 
resulting in actual shrinkage of body. 

Each animal apparently attempts to maintain an equilibrium between 
income and outgo along several different lines, m., nitrogen, carbon, 
and water. 

Nitrogen Equilibrium.— By nitrogen equilibrium is meant the fact that 
the animal body in a series of days tends to excrete as much nitrogen in 
urine, perspiration, etc., as it takes in as food. Nitrogen storage in the 
animal body does not apparently take place in the same sense as does 
carbohydrate storage. Such storage of nitrogen as does take place is 
for the great part in the form of new body protein. 

Carbon Equilibrium. — By carbon equilibrium is meant the tendency 
of the animal to maintain an approximate balance between the amount 
of carbon taken in as food and the amount of food given off from the body 
as carbon dioxide. It is apparent that if more carbon is taken into the 
animal body than is consumed, there is some form of storage within the 
body. On the other hand, if the amount of carbon given off as carbon 
dioxide is in excess of the amount taken in with the food, some carbon 
compounds contained within the body must be consumed. 

Carbohydrates and fats are food substances w^hich do not contain 
nitrogen. They are inadequate, therefore, for the building of protein. 
They have high fuel value and so are able to serve for the production 
of heat and as a source of energy for muscular work. 

When carbohydrate or fat is taken in as food, it is used to conserve the 
body proteins which might other^e be used in furnishing the energy 
needed for various metabolic activities. : Any excess of carbohydrate or 


402 TEXTBOOK OF COMPABATIVE PHYSIOLOGY 

of fat above the amount needed to supply the energy for muscular work 
may be stored within the animal body. 

Complete Balance Experiments, — ^No complete understanding of the 
metabolism of an animal body can be attained without making complete 
balance experiments. In these experiments the intake of oxygen and of 
carbohydrate and nitrogenous foods is accurately measured; also the outgo 
of carbon dio^dde, of nitrogenous waste in the form of urine and feces, 
and of heat is carefully determined* The first experiments of this sort 
were made by Voit and Pettenkofer. They did not attempt to deter- 
mine the heat production of the animal experimented upon but only the 
use of oxygen, the carbon dioxide produced, and the nitrogen intake and 
outgo. This was made possible through the use of a specially constructed 
apparatus known as a respiration chamber. The development of the 
more accurate calorimetric methods now in use for determining metabo- 
lism of animals and particularly of human beings is due to the w^ork of 
Atwater and Rosa, Rubner, Benedict, Williams, and others, who modified 
the respiration chamber into a respiration calorimeter. 

In the earlier work, a continuous stream of fresh air was passed through 
the respiration chambers. At intervals samples of the outgoing air were 
taken and analyzed and an estimate made of the total amount of carbon 
dioxide produced. In more recent forms of the apparatus (Pig. 68) 
all of the carbon dioxide is collected as carbonate by soda lime, and new 
oxygen is admitted to replace that which has been consumed. In this 
way, the determination of the oxygen used and the carbon dioxide given 
off can be used to check each other. 

It is well known that nitrogen forms about 16 per cent of most 
proteins. This amount varies somewhat but is sufficiently accurate 
for all except the most exact determinations. If, then, the amount 
of nitrogen found by analysis of urine and feces be multiplied by the 
factor 6.25, the total amount of protein broken down in the body will 
be found. 

The general results of this type of work are the following: 

1. Protein is essential for maintaining body structure. 

Each organism establishes for itself a level of nitrogen metabolism 
which is modified only with difficulty. If more than the needed amount 
of protein is taken in, the excess nitrogen will appear in the urine. If 
less nitrogen is taken in than is needed, there is a loss of protein material 
from the body. 

3. Protein food when taken in excess may be deaminized and used to 
furnish energy for bodily activity. 

4. . Proteins which in themselves may be inadequate for the upbuilding 
of body protein because of thedack of some specific amino acids may, 
notwithstanding this fact,,seiwe as tissue sparersi 
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5. A diet containing carbohydrates and fats serves to protect body 
proteins. The nonprotein foods may be increased and the nitrogenous 
food decreased to a marked degree without interfering with nitrogen 
equilibrium. 

Carbohydrate Metabolism of Animals. — Sugars and starches are for 
the most part the products of the photosynthesis carried on by green 



spaces; Th, thermocouple; Ti and thermometers for water as it enters and leaves the 
chamber; JSIT, rectal thermometer; TFT, wall thermometer; JlT, air thermometer. {After 
Lmk.) 

plants. It has already been pointed out that these substances have 
great energy value, although they do not provide for the rebuilding of 
animal tissues. 

The extensive use of carbohydrates by higher animals is itself an 
evidence of evolution. There is little evidence indicating the use of 
starches or sugars by the protojaoa- Apparently no one has found, among 
the protozoa, enzymes capable of digesting these substances. Among the 
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Porifera and Coelenterata, however, and in all higher groups such enzymes 
are found. In the lower forms the enzymes are of a rather generalized 
type, while in the higher forms they are more highly specialized. 

It might be said that the development of muscular activity has been 
dependent upon the ability of the organism to metabolize sugar. Cer- 
tainly, the high efficiency of the wing muscles of insects and of the muscles 
of birds and mammals is associated with a highly efficient use of sugar. 
Animals fed upon a wholly protein or protein and fat diet may continue 
to do muscular work. This does not mean that the protein or fat is 
being directly utilized by the muscle but probably does involve the 
transformation of some part of the protein or of the fat into carbohydrate, 
which is then used by the muscle. 

Glycogen Formation and Use. — Our present understanding of the 
utilization of sugar in the animal body goes back to the work of Claude 
Bernard, who demonstrated that, following the ingestion and digestion 
of carbohydrate foods, there is an increase of sugar (glucose) in the blood 
of the portal vein. The excess of sugar above the normal for arterial 
blood is removed from the blood stream by the liver cells and stored as 
glycogen. It also happens that muscle fibers have the power to store 
glycogen. These storages must be brought about through the activity 
of an enzyme — glycogenase. As the concentration of sugar of the blood 
is reduced below the normal, there is a splitting of the glycogen of the 
liver (or of muscle) and a restoration of the normal concentration of 
sugar (glucose). 

Blood Sugar. — The carbohydrates which are most commonly ingested 
by animals consist of a variety of sugars of the aldohexose and ketohexose 
types, such as glucose, fructose, mannose, and galactose, having the 
formula C6H12O6; aldopentoses (CsHioOs); disaccharides, such as saccha- 
rose, maltose, and lactose, having the formula C12H22O11; the polysac- 
charides, glycogen, the starches, dextrins, celluloses, inulin, lichenin, all of 
which have the formula (C 6 HioOb)«; the hemicelluloses, agar-agar, and 
gum arabic, whose chemical formulas are unknown. All of these except 
glucose are acted upon by the enzymes of the alimentary tract and are 
split or transformed into glucose, in which form they are absorbed. 
Other sugars may possibly be absorbed into the blood stream, but for 
some reason the cells of the body are probably not able to utilize them, 
and if absorbed, they will be excreted unchanged. Excretion of glucose 
occurs in the human being when its concentration exceeds 0.16 per cent 
in the blood. There is little information as to the normal concentration 
of glucose in the bloods of the lower animals (Chap. VII), 

Occurrence of Glycogen in Lower Animals. — Glycogen was discovered 
at about the same time by Claude Bernard and Hensen, and indications 
are that it is found in all cells th^t have the possibility of growth. Gly- 
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cogen, or some substance similar to it, occurs in many of the lower ani- 
mals. Paramylum, a starch-like substance ((CsHioOs)^) occurs in the 
flagellate Euglena. Klihne found glycogen in protoplasm of the myso- 
mycete Aethalium and claimed for it identity with the glycogen of liver 
and of embryonic muscle, A substance very similar to glycogen has 
been found by others in Paramecium, Qpalina, Bursaria, and Vorticeila. 

Another carbohydrate, paraglycogen (also referred to as jsooamylum), 
occurs abundantly in the gregarines. None of these substances has been 
found among the Porifera. How these animals and echinoderms store 
up carbohydrates is uncertain, though Picard claims to have found glyco- 
gen in all of them. Among the worms Lumbricus, Taenia, and Ascaris 
glycogen appears. In the last-named form it makes up as much as 2. to 
7 per cent of body weight. In some cases it is reported that almost one- 
half of the living substance is glycogen. Intestinal worms are proof 
against action of diastase as well as proteolytic ferments. Question may 
be raised as to the presence of antien^ymes. It is known that among the 
Mollusca glycogen reaches its highest concentration — and, possibly, its 
highest importance. It is found in Cardium to the extent of 14 per cent; 
oyster, 9.5 per cent; pecten muscle, 2 to 2.5 per cent; foot of Helix, 3 
to 3.5 per cent of body weight. 

Among arthropods large masses of glycogen occur in fly larvae, but 
no sugar occurs. Sugar appears only in the pupa stage, A single exam- 
ple must suffice. Intensive investigations in regard to carboh^^-drate 
metabolism of the insects were made by Bataillon and Couvreur. They 
found that the content in glycogen and sugar during metamorphosis of 
the silkworm goes through a remarkable change. A 1-day pupa contains 
about twice the amount of glycogen found in the silkworm at the time that 
it begins to spin itself in. The maximum of glycogen storage is reached 
during a life section in which the animal takes no nourishment; therefore, 
glycogen must arise at the cost of body substance. Parallel estimates of 
the content of glycogen and fat show that the maximum of the one 
accompanies the minimum of the other. Glycogen seems also to arise 
at the cost of fat. The stored-up glycogen during the latter section 
of the pupa stages goes over into sugar. Consequently, at the end of the 
stage the sugar content reaches its maximum, whereas the glycogen for 
the most part has vanished. At the time of emergence, the entire carbo- 
hydrate store is in the form of diffiusible sugar, which circulates in the 
liquid medium and is easily consumed. 

These facts indicate that the carbohydrate metabolism has many 
analogies with that of the higher animals and that here as there the carbo- 
hydrate reserves are partly found in certain organs in the form of glyco- 
gen or in a substance closely related to it in order to serve as energy 
sources in the case of xieed. 
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FunctioES of Sugar in Animal Body. — While sugar does not supply 
the needed nitrogen for tissue building, it does, because of its abundance 
in the diet and the ease with which it is oxidized, play a most important 
part in the economy of the animal. 

1. It supplies the energy needed for restitution of muscle, nerve, and 
gland cells, after response to stimulation. 

2. The combustion of sugar supplies the heat needed for main- 
taining the body temperatures of all homoiothermous animals. Each 
gram of sugar yields upon combustion 4 Cal. of heat. The heat energy 
given off by muscle during contraction and relaxation is far in excess of 
the energy used in the work accomplished by the muscle. 

3. The protein of the body is protected by the use of sugar as a source 
of energy. 

4. If there be an excess of sugar over the amount used by the body 
as a supply of energy, it may be stored as glycogen — or it may be syn- 
thesized into fat. 

When sugar alone is burned in the body as the source of energy, the 
respiratory quotient = 1. 

Utilization of Fats in the Body. — ^Excess of fat or of carbohydrate food 
taken into the animal body may be stored as fat in special adipose cells. 
These are especially abundant in the subcutaneous tissues, in the folds of 
the peritoneum, etc. If there is a lack of sufl&cient sugar or sugar-forming 
substances in the body to furnish the energy for muscular work or to main- 
tain body temperature, the fat supplies of the body are called upon. The 
fat is oxidized, as would be sugar, into carbon dioxide and water — or may 
in certain cases be transformed into sugar before it is consumed. Fat 
yields 9 Cal. of heat per gram instead of the 4 Cal. yielded by 
sugar. 

Economy of Nutrition under Varying Oxygen Pressures. — ^L. Drastich 
has found that the amount of oxygen present in a respiratory medium 
is related to the amount of organic material formed by the organism as 
shown by his experiments on Salamandra maculata larvae of the same age 
and family. Administered food was utilized better in a medium rich in 
oxygen. To increase the body weight 1 g., it was necessary to ingest, 
in larvae kept in pure oxygen, 2.235 g. of living food (Tubifex) ; in larvae 
in an aerated aquarium, 2.260 g.; in a nonaerated aquarium, 2.64 g.; in 
those in a medium containing 10 per cent oxygen, 2.91 g. Thus they 
lived most economically in an abundance of oxygen. Organic compounds 
present in the organism increased during development more quickly in 
an atmosphere rich in oxygen. Atmospheres richer in oxygen speed 
up development and metamorphosis. The metamorphosed control- 
larvae contained less dry substance than metamorphosed larvae living 
in pure oxygen. Increase of body weight in lack of oxygen is attributed 
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to water intake. Food required to increase dry weight 1 g. in pure 
oxygen, aerated aquaria, nonaerated aquaria, and 10 per cent oxygen 
was,- respectively, 11.9, 13.6, 15.2, and 22.9 g. Oxygen apparently plays 
a twofold role in body economies: It sets free the energy which eventually 
leaves the organism; and it stimulates the accumulation of organic sub- 
stances. Thus oxygen, being a factor in increased assimilation, which 
means a condensation of protoplasm, contributes to senescence. 

Metabolism of Insects. — ^Very little is known concerning the metabo- 
lism of aquatic forms. In the case of the dragonfly Aeschna umbrosa 
Mary H. Sayle says that during the nymphal stage the COg output 
decreases progressively as the nymphs grow older. The younger, more 
active individuals have the higher rate of respiratory output per gram 
of body weight. The CO 2 output of starved animals decreases during 
the period of starvation, except during the second week when the meta- 
bolic rate is higher than the normal. Darkness has a marked effect on 
the metabolism of these animals. The CO 2 output decreases steadily 
with the weeks in darkness, and the physiological condition is so affected 
that the n 3 anphs die. Higher temperatures increase and lower tempera- 
tures decrease rates of CO 2 output. However, after an initial increase 
in CO 2 output following 24-hour exposure to the high temperature, the 
output decreases again after longer exposure to the same temperature. 
The same effect is evidenced by the nymphs exposed to low temperature, 
i.e., decrease in CO 2 output is followed by an increase after a longer 
period at the same temperature. 

Animal Heat, — ^As the results of the work of many investigators, it 
has become commonly recognized that, in so far as regulation of body 
temperature is concerned, animals may be divided into two great groups. 
These have been referred to by John Hunter and others as the cold- 
blooded and the warm-blooded animals. It has long been recognized 
that the first of these groups includes animals whose temperature changes 
with the temperature of the environment, while the other includes ani- 
mals which maintain at all times a practically constant body temperature. 
In order to give recognition to this fact, Bergmann suggested the term 
poikilothermous to describe those animals with variable temperatures 
and the term homoiothermous to refer to those animals whose temperatures 
are maintained at more or less constant values in aU atmospheres. 

The earlier work upon temperature determinations was done by the 
use of mercurial thermometers. The conditions under which many of 
the observations were made were not all that could be desired, and the 
results obtained were far from satisfactory. The following table taken 
from a paper published by the author and one of his students illustrates 
the great variation in the results obtained from observations made in this 
rather crudely conceived way. 
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From these data it might be surmised that many of the animals have 
some form of temperature-regulating device, very imperfect perhaps, but 
which suffices to maintain a body temperature slightly above that of the 
surroundings. 

Table 58. — Body Temperature op Certain Cold-blooded Animals 


Form 

Range 

Conditions and 
method 

Temperature of 
animal above that 
of environment 

Observer 




0.27®F. 

Valentin 

Earthworm 

5 Q ^ F , 

56-54®F. 

Several in glass by 
thermometer 
Several in glass by 
thermometer 

2.0- 2. 5®F. 

1.0- 1.5®F. 

Hunter 

Hunter 


4.4-5.8®F. 

Davy 

Davy 

Valentin 


... i 


Same as water or air 

Echinoderma i 

■ 1 


0.40®F. 

Snails 

54®F. i 

Several in glass by 
thermometer 

1.25°F. 

Hunter 


■ i 

76.25®F. 

0.25®F. I 

Davy 

Davy 

Davy 

Davy 

Dutroohet 

Oyster. ...» 

82® 


Same as water 

Ornstp cea. . . .................. 

72-80®F. 


1® below to same as 

. 

62--83®F. 


water 

8® below to 10.5®F. 

Bees. 

19.2®C. 

Individuals— ther- 

above 

0.i8®C. 

Bees. 

moelectric 

Hive 

0.26®C. 

Dutrochet 

Bees. 


0. 65-10. 5®C. 

Bees. 

57-69®F. 

Thermoelectric 

Same as air 

PhiUips and 
Demuth 
Phillips and 
Demuth 

Davy 

Davy 

Davy . . 

' Martin 

Bees. ......... . . .............. 

Below 57® 

1 Thermoelectric 

Form clusters and 

Fishes: ' 

Bonita. ..................... 

1 80.5-78®F. 

' Heart muscle 

raise temperature 

1.5-5®F. 

Trout 

86-40®F, 

28® below to 2®F. 

Eel 

51®F. 


above 

Same as air 

Fishes (?) 


0.55®F. 

Fishes (?) 



1.38®F. 

„ Kraft 

Fishes(?) 



6.2-9. 3®F. 

Broussouet 

Broussouet 

FisheB(?) 



1.2-6. 2°F. 

Carp. 



3®F. 

Boniva 

Carp 



0.86®F. 

Davy 

Simpson 

Davy 

Berth old 

Berthold 

Carp 

66.5®F. 

Stomach 

1.9-3. 5°F. 

Mackerel 

S0,5®F, 

Stomach 

8.5®F. 

Herring 

4.6-6.04®C. 

58~86®F. 

0.0-1.2®C. 

3.0® below to8.S°F. 

Amphibia 

Rectal tempera- 
ture 

In air 

Frog. 

above 

Temperature less 
than air 

Same as water 

' ' '^’’1 


In water 


Poikilothermous Animals*— As a matter of fact, all of the inverte- 
brated animals and the lower vertebrates belong in the group of animals 
of changeable temperatures. It was the privilege of the author with one 
of his students to test the validity of the published statements with 
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methods somewhat more refined than had been used previously in regard 
to a few selected forms chosen from different animal groups. The body 
temperatures of the earthworm, clam, salamander, and goldfish, as 
compared with that of rather rapidly circulating water which formed the 
environment, were determined by thermoelectric methods. In every 
case it was found that the temperature of the animal, when changed from 
water of one temperature to that of a different temperature, assumed the 
temperature of the new environment to within a few hundredths— 
usually to within a few thousandths— of a degree within a very short 
time. In the earthworm, this time was as short as 2 minutes. In the 
clam, weighing with its shell about pound, the time was longer than 
in any of the other forms, ranging from 3^ to % hour. This was probably 
due to the mass of material involved and not to any heat-regulating 
activity. The final temperature of the animal as recorded was found 
as likely to be slightly below the temperature of the surrounding water 
as above it. No evidence whatever was found for the existence of any 
heat-regulating apparatus in the forms studied^ — the earthworm, fresh- 
water clam, salamander, and goldfish. 

Homoiothermous Animals. — The body temperature of the homoio- 
thermous animals is the result of the balancing of a number of different 
processes. Heat is the result of oxidation and other chemical processes 
of the body. Heat is given off during muscular contraction and more 
especially during the recovery phase which occurs during the relaxation 
of the muscle. Of course, the heart muscle, which is always at work, 
produces a very considerable amount of heat. The chemical processes 
involved in digestion in the alimentary canal are heat producing, as are 
the chemical changes taking place in the various glands of the body, 
particularly the liver. This gland, because of its size and the part which 
it plays in carbohydrate metabolism, is the center of much heat produc- 
tion. Some authors have contended that the nervous system, and partic- 
ularly the brain, is a center of heat production. It is true that the 
nervous system is well supplied with blood vessels for carrying to it an 
abundant supply of oxygen, but it has yet to be demonstrated that any 
unusual amount of heat is produced as the result of nervous activity. 
The rapidity at wbich all these various processes take place, i.e., the rate 
of metabolism, then, determines the amount of heat produced. 

Variations of Temperature of Man and Other Animals. — It is a 
common phenomenon that the temperatures of even the homoiothermous 
animals are subject to much variation. In some animals, such as the 
cat, dog, and rabbit, the heat-regulating mechanism is not operative at 
birth. The young animals are practicaUy poikilothermic at birth and 
continue to be so for some days, though it rnay be said that their body 
temperatures will not approach quite so closely to that of their environ- 
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ment as will the body temperatures of the permanently cold-blooded 
animals. 

The homoiothermic condition of the higher animals is maintained in 
part through the activities of the nervous system. When the nervous 
mechanism involved in heat regulation is disturbed in its operation 
through the use of anesthetics or through disease the animal becomes 
more of less poildlothermic in behavior. This was demonstrated by 
Wakelin Barratt in rabbits suffering from rabies and by Simpson in a 
monkey under deep ether anesthesia. Accompanying the lowering of 
body temperature nearly to that of the surroundings, there is a slowing of 
heart action and of respiratory movements. These actions simply follow 
what is known to be the usual order in case of physiological operations 
dependent upon chemical reactions. 

Daily variations of temperature have been observed in man and other 
higher mammals. In man it is generally true that the body temperature 
: is at its minimum during rest and sleep between 2 and 6 a.m. During 

j the hours of activity and labor the temperature rises from the minimum 

i of, say, 36.3 to between 11 a.m. and 6 p.m. and then slowly falls 

j again. It is stated that when the daily routine is revised so that the 

I period of sleep comes during the day the daily temperature change is also 

; revised. It is also reported that the body temperature of nocturnal birds 

is highest during the night. 

Imperfect Temperature Regulation.— Ho sharp and fast line can be 
^ drawn between poikilothermous animals and homoiothermous animals. 

^ Some of the so-called cold-blooded animals do maintain body tempera- 

tures considerably above the environmental temperature during certain 
periods. Also, the phenomenon of hibernation occurs among widely 
separated groups of animals. During hibernation the temperature regu- 
latory system of the normally warm-blooded animal breaks down, W'ith 
the result that the body temperature of the animal becomes distinctly 
lower. It is also true that the heat regulatory mechanism of many ani- 
mals is not in efficient operation at the time of birth or hatching. Eck- 
stein and Paffrath have shown that prematurely born children may have 
a body temperature considerably below the normal human temperature. 
In such premature children with rectal temperatures of from 26 to 31®C., 
the pulse frequency was definitely a function of the body temperature. 
Heart action increased according to VanT Hoffh hypothesis, doubling 
for every 10® rise in temperature. The effect of temperature change 
was less marked in the case of the respiratory movements. 

’ The body temperatures of ground squirrels drop from 1 to 3® per hour 
as the animals go into hibernettipn upon being placed in a cold room. 
The food pouch temperature of animals already torpid falls lower as rap- 
idly as that of the room when the latter temperature is lowered at a rate 
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of 6 to 7° per hour, but the pouch temperature remained about 1 to 2® 
above that of the room. 

Nestling house wrens, under both natural and controlled laboratory 
conditions, at first are poikilothermic but gradually, in the course of 
about 14 days, assume the homoiothermic condition of the adult. Appar- 
ently four different factors are involved in the development of the tem- 
perature resistance; (1) mass increases faster than body surface; (2) a 
covering of feathers develops; (3) a heat dissipating surface develops in 
the lungs and air sacs; (4) metabolic heat is produced. Young house 
wrens apparently have no effective resistance to extreme heat. 

Benedict and Fox have studied the body temperatures and heat 
regulation of some of the larger snakes, in particular the python. It 
was found that the fasting snake has a rectal temperature higher than 
the temperature of the environment and a body temperature which 
fluctuates with changes of temperature of the environment. Also, the 
body temperature rises with muscular activity and during the digestion 
of food. These authors call attention to the fact that in the case of 
warm-blooded animals, about 25 per cent of the total heat given off is 
as the latent heat of water of vaporization, Thereis little loss of sensible 
heat from these snakes. Calorimeter tests showed that under all condi- 
tions of repose and not during digestive activity the snakes gave off no 
sensible heat and that all heat resulting from metabolism was lost through 
the vaporization of water. The snake has no sweat glands. Water 
vapor is lost, therefore, in expired air and by diffusion and evaporation 
through the skin. Since apparently all the heat produced under condi- 
tions of postdigestive muscular repose is lost through vaporization of 
water, it is obvious that material amounts of water must be given off. 
The loss of water in some cases was found to be 4 to 5 g. per kilogram 
of body weight, for 24 hours at a temperature of SO'^C. This amount 
was increased by handling or agitating the animal. 

Amphibians display marked responses in body temperature to envi- 
ronmental variations in relative humidity. When sub j ected to an atmos- 
phere of 7 per cent relative humidity at 20°C., depression of several 
degrees centigrade may occur in their body temperature. On the other 
hand, reptiles show very little response to variations in relative humidity. 
The integument apparently prevents or hinders the evaporation of 
moisture from the surface of the body. It may be that the evolution of 
the scaly integument of reptiles from the slimy and moist skin of amphib- 
ians, with the concomitant power of water retention, is perhaps an 
important step in the evolution of homoiothermism. 

During the winter, honeybees consume their stores of sugar and 
generate heat through muscular activity, particularly that of fanning 
movements. There is no question that during unfavorable temperature 
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conditions of winter bees are very active. During this period the colony 
tends to protect itself by forming a compact cluster, subspherical in 
form and composed of two distinct groups of individuals: (1) a very 
active mass of bees which continually move about, fanning with their 
wings, and thus producing heat to warm the cluster; and (2) a cortical layer 
or shell, which may be several layers of bees in thickness, heads all turned 
toward the center, and in which there is little movement. Cluster 
formation occurs when the temperature within the hive drops below 
14'^C., and heat production begins when the temperature falls lower. 
The temperature within the cluster may be raised to 30°C, or even 35°C. 
when the outside temperature is O'^C. 

Why Is the Homoiothermous Condition Desirable? — ^The body of 
every animal is a laboratory in which a great variety of chemical opera^ 
tions must take place at very definite rates in order that the animal 
body shall carry on all its different operations in a normal and well- 
balanced order. It so happens that different chemical operations are 
differently influenced by temperature. For some of the operations 
which occur in the body, the optimum temperature may be 40°; for others, 
50°; for others, some other temperature. The highest temperature at 
which the various chemical reactions may occur is also a variable. 
Because of this differential effect of temperature upon the chemical 
reactions of the animal body, it follows that some nearly constant tem- 
perature provides a condition in which the animal may the more readily 
maintain a proper balance between the different essential reactions. 
As the temperature of the animal departs from the normal, some opera- 
tions are bound to be retarded and others accelerated, relatively, with 
the result that the metabolism of the body as a whole is deranged. 

To balance this heat production there is a heat loss through the skin, 
lungs, urine, and feces. The loss through the skin may be through 
conduction, or radiation, or through the evaporation of moisture from 
the surface. The loss through the lungs is through the air and water 
vapor vrhich is warmed while in the air passages. Urine and feces are 
eliminated from the body as substances heated to body temperature, and 
this heat is thus lost to the body. In fur-bearing animals, heat loss 
through the skin is difficult, as is shown in the dog and rabbit. 

Heat Production and Heat Loss.— The body temperature of an homoi- 
othermous animal represents a balance between heat production and 
heat loss. This balance is maintained through the interaction of a number 
of factors, some of which are chemical, some physical. In general, it 
may be stated that the physiological operations leading to heat production 
are chemical; those leading to heat dissipation are physical. 

Factors ^Influencing’, Heat Ftoduction. — ^Heat production is for the 
most part the result, of oxidation^ taking place in all parts of the animal 
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body and is more rapid in younger than in older animals; in smaller than 
in larger (per unit of body mass); and in females than in males. In this 
work of heat production the muscles are especially involved, though some 
glands, such as the liver, play an important part. Heat is also liberated 
by the processes of digestion in the alimentary tract. Very little heat, 
relatively, is liberated by the elements of the nervous system. 

The rate of metabolism and therefore heat production of the poikilo- 
thermoiis animals are very definitely limited by, and proportional to, the 
body temperature. The homoiothermous animals, on the other hand, are 
obliged to maintain a nearly constant temperature. If the temperature 
of the environment falls, there will be greater heat loss from the body, and 
to compensate for this there may be a more active metabolism. This 
may be brought about through the stimulation of receptors sensitive to 
lowered temperature and the reflex stimulation of muscles, bringing on 
shivering movements. 

The following data of Rubner’s quoted from Lusk indicate clearly the 
effect of external temperature upon the metabolism of a fasting guinea pig. 


Table 59. — Effect op Extbenal Temperatuee upon Metabolism 


Temperature of air, degrees 
centigrade 

Temperature of animal, 
degrees centigrade 

Grams of CO 2 eliminated 
per hour and per kilogram 
of animal 

0.0 

37.0 

2.905 

11.1 

37,2 

. V2.151 

20.8 

37.4 

1.766 

25.7 

37,0 

i 1.540 

30.3 

37.7 

1.317 

34.9 

38.2 

V'U, 273: 

40.0 

39.5 

',1.454.". 


Specific Dynamic Action of Protein Food. — ^According to Rubner, the 
intake of protein food serves as a distinct stimulus to increase the general 
metabolism of the body. In certain cases a larger diet of meat may cause 
an increase in the total metabolic rate of as much as 90 per cent. The 
effect of carbohydrate food is much less, amounting to 30 to 40 per cent. 

Heat Centers and Heat Nerves. — ^At various times it has been sug- 
gested by physiologists that the bodies of homoiothermous animals have 
an equipment of heat centers and heat nerves. These are supposed to 
affect directly the heat-producing tissues and to be entirely distinct from 
the motor or nerves that influence the functional activities of the tissues. 
It must be confessed that the evidence for the existence of these nerves 
is hardly conclusive. Ott has shown that in the rabbit there is a spot in 
the corpus striatum, the puncture of which leads to a, marked increase of 
heat production, although there may be no other apparent effect from the 
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operation. Heat centers have been located in the cortex, midbrain, pons, 
and medulla by other observers. Barbour found that there is a spot in 
the corpus striatum which has regulative powers upon heat production. 
When this spot is warmed to 4:2° by a special device, there is a fall of body 
temperature, and when it is cooled to 33^^ there follows a distinct rise 
in body temperature. 

Body^mass and Body-surface Factors in Temperature Regulation. — 
Rubner has shown that it is necessary to distinguish between the body 
mass and the active protoplasmic mass of an animal when considering 
its normal metabolism. Every animal contains some nonliving material. 
In the protozoan this may be in the form of granules or crystals within 
the cells. In the metazoan animals this nonliving material takes the 
form of inert substances used for binding various parts of the animal 
body together or to give it support. Ail skeletal structures, many 
protective structures, etc., have to be included here. While they add 
much to the gross bulk of the body, they add very little to the total 
metabolic changes in the body. 

The great heat loss of the body takes place through the skin. In 
comparing the heat losses of similar animals, it is found that these losses 
are, in general, proportional to the area of the body surfaces of the animals 
concerned. In general, the body surfaces can be calculated from the 
formula used by Meeh, 

S == 

in which 8 = area, in square centimeters. 

K = constant. 

W = weight, in kilograms. 

In the mammals the following constants have been determined: 


Man 12.3 

Dog 11.2»-10.3 

Rabbit 12.9-12.0 

Rabbit ears 10.8 

Calf..... 10.5 

Sheep... 12.1 

Cat 9.9 

White rat, males and females. .. > ... . 11.36 


, Du Bois and others have found that the formula S == does 

not apply satisfactorily for determinmg surface area in many human 
bangs, there, being in some casos; a, deviation of as much as 16 per cent 
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from the true value. There has been substituted, therefore, for Meeh’s 
formula the following: 

^ X X 167.2, 

in which = area, in square meters. 

W = weight, in kilograms. 

Tf = height, in centimeters. 

This gives an average error of 2.2 per cent, which may be reduced to 1.7 
by a slight modification, so as to read 

A = X X 71.84. 

This is the formula now used in most basal metabolism determinations 
upon human beings. 

Meeh found 34.7 Cal per square meter per hour as the measure 
of basal metabolism, in people of normal shape. More recent investiga- 
tors show slight yariations from the figure, depending upon age and size. 

The surface areas of 62 white rats, 25 to 461 g. in weight, were deter- 
mined by Carman and Mitchell. The average Meeh constant was 
11.36. The average deviation of the individual values of k in the Meeh 
formula from the average value of k was 3.61. Approximately three- 
fourths of the individual values of k were within 5 per cent of the average, 
while only eight per cent of the individual values of k were greater than 
10 per cent from the average. Male and female rats gave practically 
identical values of & in the Meeh formula. 

Relation of Cell Surface to Body Surface. — ^Various attempts have 
been made to correlate the total areas of the cells composing the organism 
with the total exposed body surface, in order to explain various facts of 
heat production and heat loss. Rubner estimated that each kilogram 
of body weight of a man possesses 150.2 sq. m. of cell surface and that 
there is produced each day 0.2 CaL per square meter. A young mouse 
produces 2.2 Cal. per day per square meter of cell surface — eleven times 
as much. There is, therefore, in these forms no possibility of making 
any such correlation. 

It has been shown that the bat has a metabolism averaging 5.61 Cal. 
per square meter per hour, provided the surface of the wings is included 
in the total surface area. The metabolism per kilogram of body weight 
is practically the same before and after removal of the wings. Since 
removal of the wings greatly changes surface area with but little change 
in body vreight, Almeida and his , associates conclude that surface area 
is not the factor which determines the metabolic rate. 

Factors Regulating Heat Loss.— -Among the factors which regulate 
the loss of heat from the body are the,, following physical factors: (1) 
regulation of blood flow through skin and its cooling through the action of 
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the vasomotor nerves; (2) regulation of sweat production through sweat- 
secreting nerves; (3) respiratory center; and (4) water content of blood. 

Much heat is lost through conduction and radiation from the skin. 
Vierordt estimates that 73 per cent of the heat of the human body is lost 
in this way. The surface of many lower animals is protected against 
excessive heat loss by fur or feathers. The human being has become so 
accustomed to the use of artificial means of preventing temperature 
changes that the natural forms of heat insulation have largely been lost. 
Under ordinary conditions the atmosphere surrounding the body has a 
lower temperature than the body itself. The difference between the 
temperature of the body and that of the surrounding air is also a factor 
in heat loss. The greater the difference in temperature the more rapidly 
will heat be lost from the body. If there is a somewhat stagnant layer 
of air next to the body, it will act as an insulator and prevent too rapid 
change of temperature. Such an air layer may be maintained by clothing. 

As the warm blood circulates through the vessels of the skin, it 
comes into close relation to the surface layer of the skin, which is cooled 
by the external atmosphere. The rate at which the blood is passed 
through the superficial capillaries, and therefore the rate at which heat 
can be lost from the circulating blood, is regulated by the vasomotor 
nerves, which arise in the medulla oblongata. 

The rate of blood flow through the vessels of the skin is controlled 
through an automatic reflex through the vasomotor nerves and the neyves 
controlling the sweat glands. Exposure of the skin to a warm tempera- 
ture brings about a relaxation of the vasoconstrictor fibers of the skin 
arteries, and a greater quantity of blood flowing near the surface. Also 
exposure of the skin to warmth leads to a reflex stimulation of the sweat 
glands and the pouring out of more water upon the body surface. The 
evaporation of this liquid from the surface requires heat, about 0.57 
Cal. of heat being lost for each gram of water so vaporized. Animals 
which have few sweat glands or in which the surface of the body is pro- 
tected by hair are not able to secure the same cooling effects as do those 
whose skins are directly exposed to the air. In such forms, cooling is 
brought about by more rapid respiratory movements, during which 
water is evaporated more rapidly from respiratory surfaces. 

The reflex effect of cold upon the animal body is opposite to that of 
warmth. Stimulation by cold leads to a constriction of the superficial 
blood vessels, a reduction in the amount of blood reaching the surface, 
and a reduction in heat loss. At the same time less perspiration is 
secreted upon the surface of the body, and therefore there is less heat lost 
through evaporation. 

Physiological Oxidations.— The oxidations of the living animal body 
have been likened to the oxidations of organic material at high tempera- 
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tures. Lavoisier recognized that in each case there is a combination of 
oxygen with the organic substance. He believed that in each case the 
combination is a direct combination of molecules of oxygen with the 
molecules of the substance oxidized and that oxidations using equal 
amounts of oxygen should involve equal amounts of heat produced. 
An English investigator, Crawford, showed in 1777 that combustion of 
carbon, of wax, and the oxidation of tissue by a living guinea pig gave off 
approximately equal amounts of heat for equal amounts of oxygen used. 

For each 100 oz. of oxygen consumed by wax, the water of his calo- 
rimeter was raised 2.1°F. For each 100 oz. of oxygen consumed by 
carbon, the water of his calorimeter was raised 1.95°F. For each 100 oz. 
of oxygen consumed by a guinea pig, the water of his calorimeter was 
raised 1.73''F. 

The important fact here is that the rate at which the oxidation occurs 
is of no consequence so far as the total heat production of the reaction 
is concerned. At ordinary temperatures direct oxidations, f.e., direct 
combination between a substance and oxygen, go on very slowly. In 
the animal body, oxidations take place much more rapidly than they 
would in the open air but at a much lower temperature than is common 
for direct oxidations. Also the end products are the same whether the 
oxidation takes place in the living animal body or outside. The problem 
has been to explain how oxidation processes can take place so readily at 
low temperatures. Various suggestions have been made to explain the 
fact. Of these the one which has commanded most respect is the sug- 
gestion of Traube that there are in the animal body substances which, 
combined with oxygen, have the form of organic peroxides and are then 
capable of bringing about the oxidation of organic material. There is no 
indication that the rate of oxidation is at all dependent upon the concen- 
tration of oxygen, provided a certain minimum amount be present, nor 
is there any indication that the oxidation affects the living substance 
itself. The oxidative processes are carried on by the aid of certain 
enzymes, oxidases. 


CHAPTER XV 

PHYSIOLOGY OF MOVEMENT 


There is no single property of living matter so striking as that of 
movement. As there is much variety in the structure of cells adapted for 
movement, so there exist gradations in the degree and effectiveness 
of movements. One may even go so far as to make a classification of 
movements based upon the characters of the cells making them. On this 
basis, movements are streaming, amoeboid, ciliary (cirrous and membra- 
nelle), or contractile. 

A. STREAMING MOVEMENTS 

Living protoplasm is not an inert substance, but one in which active 
streaming movements, at least at times, take place. This is particularly 
true in plant cells, as has been recognized by many botanists. The 
movements of the protoplasm in the cells of chara or Nitella or of the 
stamen hairs of tradescantia are classic examples. The phenomenon in 
animal cells is not usually so specta’cular as in plant cells, and has there- 
fore received less attention from zoological students. Streaming move- 
ments are common among the rhizopods and other protozoa and have 
been noted in the colorless blood corpuscles of a wide range of animals, 
in some egg cells, in pigment cells, and in the intestinal epithelium cells 
of many of the metazoans and may occur in other forms of cells as well. 
Beyond the fact that the streaming movement occurs, little is known of 
the phenomenon. 

A number of theories have been proposed at various times to account 
for the observed facts. These may be classed under a few headings: 

1. Contractility Theories. — In these, there has been an assumption of 
the existence of contractile elements, such as fibrillae in the cells, or there 
have been assumed waves of contraction passing along the walls of the 
cells. None of these theories has so far been substantiated by a sufficient 
accumulation of facts. 

2. Imbibition Theories. — -These assume the imbibition of water and 
its successive discharge by certain constituents of the cells. Waves of 
imbibition and extrusion passing progressively along the cells were 
thought to account for the streaming movements observed. No sign of 
water being extruded from such a cell has been seen. Further, the amount 
of liquid which must be thus imbibed tod released in the course of a day 

in order to account for the movements is so large as to be beyond belief. 

' ' "" 
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, 3, Verwom’s OxidatioE Theory.— This is based upon Verwoni’s postu- 
late of the biogen ^ m a thing which probably does not exist. 

4. The Electrical Theories.— These fall intO' three classes, the galvanic, 
the electromagnetic, and the electrochemical-surface-tension theory. Of 
all the theories suggested, that of Ewart is the best, but it falls far short 
of explaining the facts observed in many animal cells. Ewart has come 
to the coiiclusioii that there are differences of electrical potential between 
the protoplasm-vacuole boundary and the protoplasm-cell wall and that, 
as a consequence, electrical currents are passing between these two points, 
traversing the protoplasmic stream. If, now, it is assumed that the par- 
ticles in the endoplasm, which are electrically polarized, have the surface 
tension of their corresponding ends decreased when electric currents 
traverse the endoplasmic stream, the particles, and of necessity the whole 
stream of endoplasm, would move in the direction of the lowered surface 
tension. Continuous chemical actions would be necessary to maintain 
the conditions outlined. This theory accords with the facts, as far as 
it goes, but it does not explain the streaming in threads across the 
vacuole in a plant cell, thus necessitating theories for the explanation 
of streaming within a single cell at the same time. Moreover, a central 
vacuole of cell sap seems always required to fulfill the conditions of this 
theory, and this, as is readily seen, makes it impossible to apply it to 
streaming in amoebae, myxomycetes, foraminifera, and ciliates. 

The fundamental cause of streaming is, therefore, still to be discovered, 
for neither the theories of streaming as applied to the amoebae nor those 
described above which refer especially to plant cells are satisfactory. 
A significant point in these theories is that, with increasing information, 
they come more and more to demand a colloidal structure in the proto- 
plasm. It is the surface energy in the interfaces of the colloidal system 
which comes to be regarded as the primary source of the energy of 
streaming. All attempts thus far to explain exactly just how this energy 
is utilized have been unsuccessful. Gaidukovas observation is of some 
interest in this connection. He found that the occasional stopping of 
streaming in cells of Vallis neria is accompanied by cessation of Brownian 
movement, which indicates a change from the sol to the gel state. This 
proves that the colloidal changes are possible in streaming protoplasm 
and that a general search for a general explanation of streaming along 
this line is proceeding in the right direction. 

B. AMOEBOID MOVEMENT 

From the time when Berthold (1886) attempted to explain the move- 
ments of amoeboid cells through the physical relations existing between 
the animal and its immediate environment, physiologists have been inter- 
ested in some way to account for such movements upon purely physical 
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principles. Since that time, many new facts in relation to protoplasmic 
movements have been discovered. As the variety of the forms of cells 
which exhibit movements is observed and the varieties of ways in which 
this power of movement is expressed are noted, it is only natural to 
wonder whether all forms of the process, when reduced to the lowest 
terms of analysis, have as their fundamental activities something in 
common. The movement of the muscle fiber is definitely a contractile 
process involving certain physicochemical surface phenomena occurring 
at interfaces within the fibers. There is reason to believe that the action 
of cilia and flagella is also due to some contractile process. Amoeboid 
activity was at first explained as probably due to some changes in sur- 
face tension in the surface film of the animal, resulting from some factor 
in the environment. 

A clear understanding of the process of amoeboid movement demands 
a rather critical acquaintance with the normal structure and behavior of 
amoebae. An amoeba of the proteus type consists of : 

1. Plasma sol (endoplasm) — central, elongated fluid portion. 

2. Plasma gel (ectoplasm) — a solid layer surrounding the endoplasm. 

3. Plasma lemma (cell membrane ) — & very thin, well-differentiated, 
elastic surface layer. 

4. Hyaloplasm — a thin layer of hyaline liquid lying between the 
plasma gel and plasma lemma. It is particularly well developed at the 
tips of active pseudopods. 

The plasma sol consists of a fluid in which the following structures 
are usually found: nucleus, contractile vacuole, food vacuoles, vacuoles 
containing crystals and granules of two sizes, a granules about 0.25 ^ 
in diameter and granules about 1 in diameter. The plasma sol 
begins a little distance from the posterior end of the amoeba, extends 
forward, and has branches reaching into all the pseudopods. It varies 
in size in different individuals and in the same individual at different 
times. 

The plasma gel is a fairly rigid, elastic, sac-like layer of varying 
thickness covering the plasma sol and is usually much thinner at the tip 
of extending pseudopods than elsewhere. It is probably alveolar in 
structure, with the alveoli probably closely cemented together resulting 
in rigidity. The alveoli appear to be filled with a substance which at 
times has fluid properties, for the granules suspended in it are often in 
marked Brownian movement. 

The plasma lemma is a fairly tough, elastic membrane approximately 
0.25 M in. thickness. If it is torp, frayed edges are distinctly visible 
indicating a fibrous structure. i)umg locomotion it adheres to the 
substratum and to the adjoining plasma gel. Elsewhere it slides freely 
over the plasma gel, owing to a layer of fluid under it. 
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The plasma probably hypertonic, and the plasma gel and the 
plasma lemma are probably semipermeable, resulting in an inflow of 
water which stretches these layers until their combined elastic strength 
equals the diffusion pressure. When a pseudopod is formed, the inner 
layer of the plasma gel liquefies locally, and the remaining portion 
stretches and bulges out, at the same time becoming thin and porous. 
Liquid from the plasma sol passes through this porous layer of plasma gel 
and collects under the plasma lemma, forming a hyaline cap. The local 
weakening of the plasma gel permits it to contract in the regions which 
are not weakened. This forces the plasma sol toward the hyaline cap, 
which may now be considered the anterior end. The plasma gel con- 
tracts chiefly at the opposite end, and as it contracts, the inner surface 
goes into solution, changing into plasma sol, which, as it reaches the 
anterior end, gelates and changes into plasma gel. The contraction of 
the plasma gel at the posterior end pushes the plasma sol against the 
thin sheet of plasma gel at the anterior end, and this in turn pushes the 
hyaline cap over it against the plasma lemma. If the advancing pseu- 
dopod is not free, the plasma lemma is attached to the substratum and 
the adjoining plasma gel. Being fixed here, it is pulled forward over 
the plasma gel on the upper surface, resulting in rolling movement which 
is confined to the plasma lemma. If the pseudopod is free, the plasma 
lemma is merely stretched out. It consequently moves forward equally 
on all sides, and there is no rolling movement. After the pseudopod is 
formed, it may become attached to the substratum at the tip and then 
retract, while another is formed above or to one side of it, resulting in 
what may be termed walking movement. The two forms of locomotion 
are essentially the same, the chief difference being that in the one the 
pseudopods are attached to the substratum while they are being formed, 
and in the other they are not. 

Locomotion in amoebae of the verrucose type is fundamentally the 
same as in amoebae of the proteus type. In the former, however, walk- 
ing movement is rare, while in the latter roiling movement is rare. 
Response in amoebae is due to change in the relation between the con- 
centration or the electrical potential of the plasma sol and the medium 
outside; to change in the elastic strength or the permeability of the 
plasma gel; or to change in the adhesiveness of the plasma lemma. 

Amoeboid movement must be considered as the result of interactions 
between the amoeboid cell and its environment. If the external condi- 
tions are modified, the degree and character of the movement may also 
be modified. Amoeboid movement may take place at pH 1 to 6, though 
the movement is best carried on at pH 6.6 to 6.8 and pH 7.4 to 7.6. In 
media more strongly acid than pH 1 a; reversible inhibition occurs. In 
the more strongly basic media an irreversible inhibition occurs unless 


422 


TEXTBOOK OF COMPARATIVE PHYSIOLOGY 


I 


the immersion is very brief. Of the four chief cations in sea water Ca 
is the only one essential for amoeboid movement. 

Specimens of Amoeba proteus transferred to chemically pure water 
usually assume a radiate form. Protoplasmic streaming ceases, and 
they do not attach; but if they are left several hours, they attach and 
move. The processes associated with locomotion are, therefore, not 
necessarily dependent upon substances in solution in the surrounding 
water. Amoeba in pure water attaches to common glass, pyrex glass, 
quartz, paraffin. It attaches to common glass more quickly and firmly 
than to pyrex glass or quartz, and if a trace of salt is added to the water, 
there is practically no difference, although the time required for attach- 
ment is enormously reduced. If the surface of the glass is ground or 
if the solution is slightly agitated, the time required for attachment is 
decreased, and the firmness of attachment is increased. Attachment 
depends upon the physiological condition of the amoeba. In some speci- 
mens in a given solution the surface is very much more adhesive than in 
others in the same solution. 

The nonelectrolytes, lactose and glycerine, do not facilitate attach- 
ment of amoebae, but urea, which ionizes slightly and is faintly alkaline, 
definitely favors attachment. The optimum pH for attachment in 
balanced solution appears to be between 6.6 and 7, but there is remark- 
ably little difference over a very wide range, f.e., from pH 4.6 to 8.2.- 
The favorable effect common to salts and urea on attachment of amoebae 
must be associated with some common property, probably the electric 
charge carried by the ion. 

Locomotion is dependent upon attachment, but the rate of locomo- 
tion is largely dependent upon the rate of sol-gel transformation and the 
difference in the elastic strength of the plasma gel at the two ends- — only 
slightly if at all upon conditions of attachment. 

In other amoeboid forms the details of the process of streaming and of 
the formation of ectoplasm vary within wide limits. In some forms the 
endoplasm is much more fluid than in the one described; in some forms the 
flowing, instead of being steady, takes on an eruptive character; in 
some forms endoplasmic currents are turned backward from the anterior 
end just beneath the ectoplasmic layer for a shorter or longer distance; 
in some forms the endoplasm is less fluid and the ectoplasm relatively 
thicker than in the form described. Those interested in the descriptive 
details of these variations should consult Schaeffer^s book, Amoeboid 
Movement,^^ While at the present time there is no explanation of stream- 
ing movements, it is concluded that the surface film, the outer layer of 
^ ectoplasm in direct contact with the water, is essential for locomotion. 
The outer film is a true surfac^tension film and has its region of highest 
tension at the point where new ectq^^^ is being most rapidly formed. 
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C. CILIARy MOVEMENT 

Cilia.— In all groups of animals from the protozoa up there are found 
cells which bear upon their free surfaces hair-like projections (cilia and 
flagella) capable of making lashing movements. Investigation has shown 
that the cilia form only a part of a rather complicated mechanism, the 
ciliary apparatus (Figs. 69 and 70), which consists of cilia, basal cor- 
puscles, and rootlets. In certain protozoan forms, it has been further 
shown that the ciliary movements are under the control of an intracellu- 
lar neuromotor apparatus. Especially is this true in such forms as have 



Fig. 70. — Outer end of ciliated epithelium cells — diagrammatic, fp, foot piece; bg, 
basal granule; ig, inner granule; c, cilia. {After Joseph^ from Schneider.) 

Fig. 71. — Diagram showing Sagu chi’s conception of the structure of a cilium. 

the cilia massed and bound together by protoplasmic films into such 
structures as cirri and membranelles. It is not to be supposed that these 
mechanisms are equally well differentiated in all cells, nor in any individ- 
ual cell at all times. In some cells the cilia are not permanent struc- 
tures, and the cells at different periods in their life histories assume quite 
different functions and appearances* The ciliary apparatus is produced 
by the differentiation of the mitochondria of the cell, and is not, as has 
been stated by some authors, simply ectoplasmic modifications of . the 
character of pseudopodia. vThe cilia, formed within the cell, are pushed 
outward from the endoplasm through the ectoplasm and cuticle.- In 
some cells the cilia appear even retractile in, character. The accompany- 
ing diagram (Fig. 71) taken from ;S'aguchi's account of ciliary structure in 



structure as demonstrated by Gravi 
Schmitt. For description see text. 


granule. 


the Journal of Morphology is an attenapt to represent the facts as they 
were understood by him. 

Some authors have held, upon rather doubtful evidence, that the cilia 
are made up of more than one kind of substance. Most authorities are 
agreed, however, that there is no structural differentiation in the cilium 
itself. The cilium, passing downward through the cuticle, the basal 

granule, and the rootlet anchored in 
the clear ectoplasnnc layer, forms a 
continuous structure ending in the 
cytoplasmic strand or fiber which may 
or may not be in connection with an 
intracellular neuromotor apparatus. 
In either case the cytoplasmic fibrils 
undoubtedly serve as a means of coordi- 
nation between the cilia and the other 
portions of the cell. Possibly they may 
have both a conducting and a contract- 
ing role to play. As the c3rtoplasmic 
strands pass backward into the cell, 
they frequently converge, forming a 
cone-like structure with its apex at one 
side of the nucleus. In the region of 
the apex the fibers become lost in the 
cytoplasm of the cell. 

The cilium has no motive power 
of itself. The ciliary movement 
appears due to some activity of the 
basal granules. Saguchi^s conception 
is that the basal end of the cilium 
and the distal end of the rootlet are 
connected either directly or by means 
Fig. 72.-— Diagram iUustratingciHary of a joint, around wMch is the basal 

The latter, like muscle 
substance, is endowed with contrac- 
tility, by virtue of which the cilium is bent at that point; hence the 
rootlet acts as a support of the cilium, while the transparent zone holds 
the rootlet in its position; the restoration of the bent cilium may be 
effected by the elasticity of the cilium itself or by the antagonistic action 
of the contractile substance. The stimulus which causes the waving 
of the cilia may be conceived as being conducted directly from one basal 
granule or corpuscle to another or through the neuromotor apparatus. 

Structural Basis of Coordinated Ciliary Action. — Grave and Schmitt 
have recently given an explanation of ciliary action which concerns not 
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only the movement of the individnal also the coordination of 

the activities of adjacent and neighboring cilia. They worked upon the 
laterofrontal ciliated epithelium of the gill of a species of Lampsilis. 
The cilia C (Figs. 72 and 73) in this type of epithelium are paired^ and the 
members of pairs are fused at their tips X The number of pairs of cilia 


is approsdmately the same as the number of the 
nuclei in the syncytial epithelium. A specialized 
cuticle is present at the external surface of the 
epithelium in which the cilia and their basal cor- 
puscles & are implanted. In the proximal zone of 
the cytoplasm, between the cuticle and the row 
of nuclei, a system of intracellular fibers or ciliary 
rootlets is chiefly distributed, although fibers 
belonging to the system may penetrate the 
cytoplasm between nuclei and perhaps even to the 
basement membrane and the subepithelial layer 
of bipolar cells. This system of intracellular fibers 
may be analyzed as follows: Each cilium splits, 
Just below its basal corpuscle, into two fibers m and 
n which diverge at angles varying from 20 to 30 
degrees, one to the right and one to the left in the 
plane of the row of cilia. The right-hand branches 
m and m' originating from the members of a pair 
of cilia gradually converge and Join to form a 
single fiber o, while the left-hand branches n and 
Join to form the fiber o'. The fibers o and o' 
Join with corresponding fibers derived from adja- 
cent pairs of cilia to form the fibers p and p', which 



Fig. 73 . — Ghrave and 


may end on the nuclear membrane or penetrate Schmitt sketch showing 
the cytoplasm between nuclei. The part of this 

system consisting of the fibers m, m', n, n', o, and neuromotor fibers extend- 
, » ^ • 1 * 1 • j.* xt. iJig from the region of the 

o forms a mechanism which is contmuous through- to the bases of the 

out the extent of the epithelium and is postulated cilia, also the cells of the 

, , . T . T 1 • i? xi. T nervous plexus beneath the 

as that which provides a basis for the coordma- epithelium, 
tion of ciliary movement. The continuations of 
this system, through the fibers p and p', etc., into the deeper parts of 
the epithelium provide for the entry into the system of impulses, 
originating in nuclei, the cytoplasm, or bipolar cells of the subepithelium, 
by which movements of the cilia may be adaptively regulated in con- 
formity with the state or needs of the organism as a whole. 

In addition to the mechanism for the coordination of ciliary move- 
ment Just considered, another series 6f structures is present in each of 
the segments of the cuticle bounded by pairs of cilia, which apparently 
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serves another purpose. One of these systems may be described as 
follows: A minute space 0 interrupts the continuity of the cuticle mid- 
way between pairs of cilia in the plane of the series of cilia. This space 
opens on the surface of the epithelium and, in section, appears to be 
formed between two fiber-like structures r and I which Join the cuticular 
border above in two minute granules and meet at the lower border of 
the cuticle midway between the bases of cilia of two pairs in a similar 
granule. This latter granule is the meeting place also for two compar- 
atively short, robust fibers R and L which originate, one from the nearest 
basal corpuscle of the pair of cilia on the right of the space, the other from 
the nearest basal corpuscle of the pair on the left, and it is the point of 
origin for a longer, unpaired, vertical fiber S, which penetrates the 
cytoplasm to a depth below the cuticle about twice the thickness of the 
cuticle. This series of cuticular structures requires further study. 
The fibers R and L may be interpreted to be a part of the mechanism 
for the coordination of ciliary movement. The spaces in the cuticle 
and their attendant fiber-like differentiations possibly represent a struc- 
tural adaptation for taking up stresses and strains in the highly gelled 
cuticle incident to ciliary movement. 

It may not be too much to predict that similar structural differentia- 
tions will be found in all ciliated epithelia. 

Physiological evidence in favor of such a structural system as has been 
described was furnished by Kraft in 1890 and has been referred to by 
Parker in his “The Elementary Nervous System/^ pages 68 to 70. 
Parker thinks of the coordinating elements not as nervous, but as neuroid. 
The transmission of impulses is sluggish, is limited in extent and in direc- 
tion, and really represents a primitive protoplasmic conductivity. 

Control mechanisms have also been described by Carter in the 
nudibranch veliger (Fig, 74) ; by Marco Fidele in the actinia, Annelida, 
Mollusca, Ctenophora, and Tunicata; by Gothlin in the ctenophore 
Beroe ovata; by Lucas and by Bhatia in the mussel Mytilus eduKs, 

The beat of the cilia of the ciliated cells of the nudibranch veliger is 
under control. Fibers, apparently nervous in character, pass from the 
deeper lying tissues to cells bearing the velar cilia and, entering the cells, 
terminate in the cytoplasm in the vicinity of the basal granules. These 
lie in the cytoplasm outside the ciliary apparatus and are distinct in 
nature from the granules described in ciliated cells by other authors. 
The accompanying figure (Fig. 74) represents Carter^s findings as to the 
structure of these ciliated cells. Also, in the actinia, Turbellaria, 
Annelida, Mollusca, Ctenophora, and Tunicata there is evidence that 
the rhythm of the ciliary action may be influenced by mucous secretion 
or by muscular activity through constriction and by influences from the 
r nervous, ^ ■ ^ ^ ■: 
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The movements of the ciliated plates in the ctenophore Seroe ovaia, 
according to Gothlinj can be inhibited by impulses from the nervous 
system, following electrical stimulation. Such inhibition through gal- 
vanic stimulation may be blocked out by atropine poisoning just as in 
amphibian and mammalian hearts the vagus effect on cardiac frequency 
may be obliterated by atropine. Chloral hydrate of 0.1 to 0.2 per cent 
concentration paralyzes the inhibitory apparatus without suspending 
the automatism of the ciliary apparatus. Heider has recently thrown 
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Fig. 74. — Diagram of the structure of the ciliated cells in side and end views. aG, 
area of the Golgi apparatus; bg, basal granule; c, cilium; cp, ciliary protoplasm;/?), reserve 
food vacuoles; ird, intracellular nerve terminations; m, mitochondria; mbg, methylene 
blue granules; nft nerve fibrils below the cells; nf\ nerve fibrils between the cells; nro^ 
neutral red vacuoles; on^ outline of nucleus; surface granules; tp, triangular plates of 
the cilium. (From Carter.) 

light upon the existence and topography of a nervous system in the ciliated 
plates of Beroe. Thus, Gothlin and Heider have together succeeded in 
demonstrating the existence of cilioinhibitory impulses and of cilio- 
inhibitor nerves in Beroe. 

In the mussel Mytilus eduUs, the fibers of the branchial nerve are 
limited entirely to the epithelial and connective tissues bordering the 
axis of the gills. Fibers have been traced to the epithelium but have not 
been observed to enter the gills. Since no innervation of the gills has 
been demonstrated, it is possible that the ciliary activity of the gill 
epithelium is not regulated by fibers from the central nervous system. 
This does not seem to correspond with conditions existing in Crepidula, 
where nerves in the gill filaments can readily be demonstrated. 
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\ in the Initability of Ciliated Cells.— It has been known for 

a long time that certain cells, e,g., muscle cells, vary from time to time in 
their degree of irritability. Such variations have also been noted in 
ciliated cells, e.g., in the ciliated cells of the gills of the mussel Mytilus. 
After the gills have been excised for some hours from the body of the 
mollusk, there occurs an interruption of the automatic activity of the 
ciliated cells which is associated with an extreme depression of irritability. 
This weariness does not seem a symptom of approaching destruction, 
nor is it due to the accumulation of waste products. It has been inter- 
preted as being due to overexcitement. An acceleration of ciliary move- 
ment followed soon after by weariness can be caused by adding to the 
sea water a small amount of alkali. In both cases the sensitiveness of 
the ciliated epithelium to mechanical shocks is very much reduced but 
after a few hours is fully restored, so that the slightest agitation of the 
water induces automatic movement. A decrease of irritability can be 
directly produced without previous excitement by placing the epithelium 
in hypotonic sea water or by adding a small amount of acid. In either 
case the automatic movement soon stops. Rubenstein has called atten- 
tion to the close connection between mechanical irritability and auto- 
matic movement and accepts the hypothesis put forward by Yerkes that 
automatism is a function of high irritability. The stoppage of the move- ' 
ment of the cilia described above is accounted for as follows: In normal 
tissue the movement of the water acted upon by the cilium furnishes a 
stimulus for the following contraction. If the irritability of the cilium 
be lowered, this stimulus does not reach the limit necessary to produce 
a new contraction, and the automatic movement ceases. There is, 
therefore, a definite threshold value of stimulation here as in muscle 

Work Done by Ciliated Cells.— It is possible, by placing a ciliated 
epithelium upon an inclined surface of known gradient and allowing the 
cilia to carry a load of known surface and weight against gravity, to 
determine the amoxmt of work done by them. The time required to carry 
a given weight over a measured course is subject to variation because 
: of the drying of the membrane and because of variations in the irritability 
of the cells due to the stimulation of operation and variations in the chemi- 
cal conditions surrounding the cells. Probably the best medium to use 
for moistening the membrane is serum from the animal from which the 
membrane was taken, though a saline solution containing the same salts 
as occur in the blood, and in approximately the same properties, serves 
admirably. 

By calculating the work done in terms of gram-millimeters per minute 
per square centimeter, it is posisible to make just comparisons of the work 
done by different ciliated cells under different conditions. Maxwell 
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(1905) found as the average results of a series of ten experiments that with 
different loads the curve of the amount of work done by the cilia rises 
rapidly with increasing load, maintains itself near the maximum through 
a considerable range of load, and then falls rapidly to the point where the 
load cannot be moved at all. The figures given in the following table 
hardly represent accurately all of the work done by the cilia, for it must 
be r emembered that they exert their energy upon the liquid by which the 
cilia are surrounded and not directly upon the load carried. 


Table 60. — Wobx Done by Cilia 


Relative weight load. 

1 

4 

7 

10 

13 

16 

19 

Absolute weight load ............. 

0.415 

1.66 

2.905 

4.15 

5.395 

6.64 

7.885 

Work done. 

2.333 

6.792 

9.424 

10.17 

10.01 

9.18 

5.85 



Maxwell also noted, when testing the behavior of cilia while carrying 
weights, that the rate at which the weight was carried was decidedly 
slower in the earlier than in the later trials. He suggested that the cilia 
become more irritable to succeeding stimuli and that the effect noted is 
comparable in principle to the staircase effect seen in the contraction of 
striated muscle. He also called attention to the fact that cilia, by moving 
heavy weights, become fatigued and that when so fatigued a short period 
of rest frequently restores them to their original rate of activity. 

Attention has already been directed to the studies of Paul S. Galtsoff 
upon the ciliary activities of the oyster gill (page 379). The rate of doing 
work can be expressed by the formula W = 27rliJ>S% where W = ergs per 
second, I = length of tube, /jl = viscosity in poises, and S = speed at 
the axis of the tube. The relationship between the rate of doing work 
and the temperature does not follow the Arrhenius equation. The opti- 
mum temperature for the mechanical activity of the gill lies between 
25 and SO^'C. Below 5^ no current is produced although the cilia con- 
tinue to beat. Ciliary movement ceases at the freezing point of sea 
water. 

The cilia in the first segment of the renal tubule of Necturus can, 
according to H. L. White, with the capsule torn and the proximal tubule 
occluded, raise the pressure in the tubule proximal to the occlusion to 
4.0 to 5.7 cm. water. This demonstration shows that capsular fluid 
withdrawn under suction of not more than 1 to 2 mm. Hg can not be 
contaminated with tubular fluid. The nephrotome cilia can exert pres- 
sures of 8 to 11 cm. water. 

Effects of Ions upon Ciliary Movement. — In considering the effect 
of solutions, each containing a single salt, upon ciliary movement Maxwell 
found that sodium chloride is the one most favorable for preserving 
the cilia in such condition that they are able to do mechanical work. 
Arranged in the order of their favorable action upon the working power 
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of , .cilia the salts (all chlorides) stand as ■ follows:,' Na, Sr, K, Ga, NH3, 

Mg,..Ba. . 

If the salts are arranged according to their power to maintain ciliary 
activity they seem to stand as follows: Na, Sr, Ba, Mg, Li, Ca, K, NH3. 

Recently, Gray has made an attempt to determine the external condi- 
tions necessary for the maintenance of ciliary action. For his study he 
chose the ciliated gill plates of Mytikis eduUs. Very early in the work it 
became apparent that the concentration of the hydrogen ion in the solu- 
tions employed was a factor of supreme importance. Attempts were 
made to determine the effects of the different metallic ions present in 
the sea water but with only moderate success. Solutions containing 
only one of the metallic ions found in the sea water were exceedingly 
injurious; solutions containing two of the ions were less injurious than 
solutions containing only one; solutions containing three ions support 
the tissue in a comparatively healthy state for as much as 72 hours; and 
when all four of the principal metallic ions, viz.j Na, Ca, Mg, and K, are 
present, the tissue remains healthy and normal as in sea water. Of these 
ions, the Na proved the most toxic. Gray was not able to show that 
there is here any definite antagonistic action between the calcium and 
the sodium ions, for example, there being rather wide limits as to the 
concentrations in which the various ions might be present in the solution 
and still allow ciliary action to continue. 

As a contrast to this, however, it was observed that ciliary activity 
was to a very great degree dependent upon the concentration of the 
hydrogen and hydroxyl ions. When the pH of the solution falls below 
5.5 to 6.0, the cilia are unable to lash. Also, if the pH of the medium 
rises to 9.0 or above the ciliated epithelium breaks up rapidly into its 
constituent cells, but the ciliary movement does not stop either in the 
isolated cells or in the cells which remain in situ. Such breaking up and 
disintegration of the epithelium take place in all artificial solutions 
which do not contain sodium, potassium, magnesium, and calcium. 
Similar observations have been made upon the behavior of the sperma- 
tozoa of various marine invertebrates. There is a very definite and 
narrow possible range of hydrogen-ion concentrations of the medium in 
which swimming movements of spermatozoa may take place and, as 
a corollary, in which spermatozoa may be effective as fertilizing agents. 
Similar facts have been determined for the spermatozoa of some of the 
mammals. It appears that a rather fundamental condition is here being 
dealt with, 

R. S. Lillie (1906) published an account of the effects of various pure 
sodium salts upon the ciliary action of Mytilus. He found that the ions 
could be arranged in the followmg order of toxicity: Cl- < NOs”" < Br“* 
<T- SCN*;:.,^ .,He al^ found that Iqhs affect the absorption of water 





PHYSIOLOGY OF MOVEMENT 


431 


by the cells from their external medium, as follows: 

CHsCOO- < Cl- < 'NOs"” < CIO3 -< Br-' <I-<' 

, SCN-< BrOs- < CH- , 

These results have formed the basis of various textbook statements to 
the effect that: ( 1 ) the above series represents the effects of anions on 
ciliary movement; and ( 2 ) the order in which anions affect ciliary move- 
ment is the reverse of that in which they affect muscular movement. 

Gray has reinvestigated the effects of ions upon the gill cilia of My thus 
and comes to conclusions quite different from those given above. 

Whereas in a solution of a sodium salt containing K+, Ca++ and the 
ciliated epithelium is remarkably indifferent to a variation in the nature of the 
anions present, yet in a solution of a sodium salt which does not contain other 
cations the tissue shows a very marked sensitivity to particular anions. In 
other words, so long as the normal equilibrium of Na+, Ga++, and is 
maintained in the solution it makes little difference v/hether the anion be the 
Cl“*, NOs”", Br”, 1 “*, Aoet“, or SO4*". 

Gray found also that in solutions containing tartrates and citrates 
the bivalent metals are probably not present in the ionic state, and the 
cells behave as if these ions were absent. 

There is also no justification for the statement that the order in which 
anions affect ciliary action is the reverse of the order in which they affect 
muscular movement. When the cells are treated with pure sodium salt 
solutions, there is a destruction of the normal semipermeability of the 
cell membrane, and the cell colloids behave as an elastic gel in direct con- 
tact with the external medium. The activity of the sodium salts in thus 
affecting the permeability of the cell membrane can be inhibited by 
magnesium or by calcium. Gray expresses the opinion that in the normal 
sea water the stability of the membrane is very likely due to the presence 
of the magnesium rather than of the calcium. 

Gray also found that in balanced solutions the monovalent cations 
have a direct effect upon the rate of ciliary movement. The rate of move- 
ment in solutions having the same hydrogen-ion concentration is slowest 
in lithium and fastest in potassium. The ions can be arranged in the 
following series: 

Li+ < ]Sra+ < NH4+ < K+ 

It does not seem necessary to maintain the customary semiper- 
meability of the cell wall in order to maintain ciliary movement. 

Effect of Hydrogen-ion Concentration. — Gray found that mineral 
acids enter the ciliated cells of Mytilus very slowly, while weaker acids, 
such as acetic or butyric, penetrate rapidly. Cells which have been 
stained with neutral red show no change in color when placed in VanT 
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Hoff’s solution made acid with HCl to a pH of 3.4, while when placed in 
a similar solution acidified with acetic or butyric acid the cells instantly 
change from brick-red to bright-red color. Similarly, ammonia quickly 
enters the ceils, while NaOH does not. These facts make it possible to 
determine whether the cessation of movement of the cilia in an acid me- 
dium is due to interference with the electrical properties of the cell surface 
or whether the afi'ected elements lie within the cell itself. Gray found 
that ^^The weak acids which enter the cell are more eflicient inhibitors 
of ciliary movement than are the strong acids which do not enter readily, 
and conversely the w^eak alkalies are much more efficient restorers than 
the strong alkalies.” 

The effect of the acid is to cause the cilia to come to rest in an acid 
solution by a gradual diminution in the rate of the whole beat wdthout any 
reduction in its amplitude. Furthermore, the cilia always come to rest 
at the end of the effective stroke, i.e., in that position in which the cilium 
possesses no potential energy. 

Cohn showed that when the movements of spermatozoa are, stopped 
in an acid medium there is no loss of energy, but there is a cessation in 
the conversion of chemical into potential energy. This transformation 
of energy can be reestablished by removing the acid from the environment. 
It thus appears that the stoppage of the cilia by the acid is due to the 
fact that there is no longer a conversion of chemical into potential energy 
within the cell. 

It is also to be noted that in the actinians the survival time of cilia 
exposed to hydrochloric and acetic acids in concentrations between pH 2 
and 5 is inversely proportional to the hydrogen-ion concentration. 
Acetic acid is more toxic than hydrochloric acid, and its toxicity increases 
with increasing concentration. 

Effect of Temperature upon Ciliary Action. — ^The fact that ciliary 
action increases with a rise in temperature has been known for a long 
time. Calliburces studied the rate of movement of the cilia of the frog’s 
esophagus in 1858. Since that time numerous investigations have been 
made along this line. 

Gray studied the cilia of the gill of Mytilus. He found that at from 
0 to 32.5^0. there is a progressive increase of speed with normal amplitude 
of stroke with increasing temperature; that between 32.5 and 36"’ the 
beat becomes still more rapid, but that the amplitude of the beat becomes 
reduced, so that at the higher temperature it may be spoken of as a rapid 
flickering movement; from 37.5 to SS.S"* the speed of the beat becomes 
reduced; at 40"* the cilia become stationary in the relaxed position; at 
45"* they pass into the contracted position ; and at 47"^ they become opaque 
and irreversibly injured. The dkect effec^^ of temperatures between 0 
and 36"* are completely and instantaneously reversible. Betw-een 36 and 
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40® the effects are also reversible, but recovery is not instantaneous. 
The following table taken from Gray^s paper {Proc. Eoy, Soc. (London) 
Ser. B., voL 95) shows the relative rates of ciliary action at different 
temperatures and the temperature coefficients of the same. 


Table ■ 61. — Influence of Tempeeatukb on Cilia 


Temperature, ' 
degrees 
centigrade 

Speed in 
millimeters per ■ 
second 

Relative speed 
at 15® = 100 

Temperature 

interval 


0 

0.08 

20 

0-10 

' '3.1 

■■ 5 ■■ 

0.15 

38 

5-15 

2.7 ■ 


0.26 

64 

10-20 

2.3 

15 

0.40 

100 

15-25 

2.15 


0.60 

150 

20-30 

1.95 

22.5 

0.70 

174 

22.5-32.5 

1.92 

25 

0.86 

215 




1.17 

294 



32.5 

^ 1.33 

334 




Umeda, studying the effects of temperature upon the movement of 
ciliated epithelium in vitro found that a rapid rise in temperature from 
20 up to 40®C. always accelerated the movement. An acute rise to 45®C. 
resulted, however, in only slight acceleration followed by retardation. 
An acute rise to 50®C. destroys ciliary movement. Temperatures of 
20 to 30®C. do not injure the cilia, but they are not indifferent above 35®C. 
Rapid fall from 35 to 40° down to 20° increases the ciliary movement a 
little, then diminishes the velocity. Gradual increase of temperature 
causes a much slighter rate of acceleration in velocity of cilia than rapid 
increase. Decrease of temperature from 20°C. to 15 to 10°C. decreases 
the ciliary movement decidedly, until at 5°C. it ceases. 

Two suggestions have been made as to the cause of the depressant 
effects of high temperatures upon biological processes, viz.^ that: (1) at 
high temperatures the cells suffer from lack of oxygen; and (2) at high 
temperatures one or more endocellular enzymes cease to be stable and 
are gradually destroyed. 

In an attempt to decide which of these possibilities is correct Gray 
made a study of the effects of oxygen upon ciliary action. He found that 
between 0 and 30° the oxygen consumption is almost exactly proportional 
to the mechanical activity, when the tissue is well aerated. At tempera- 
tures above 30° the initial oxygen consumption is not maintained. 

The whole series of events which accompany continuous activity is divisible 
into at least three phases: (1) a reaction which is sensitive to monovalent cations 
(particularly the hydrogen ion), any interference with which involves a change 





Calciuni 


Anions 


If cations are balanced, 
changes of anions have little 
influence 

Pure dextrose supports beat 
for a considerable period 

The amplitude but not rate is 
affected in hypertonic solu- 

Can replace potassium, but 

iiisiiilisilll® 


Nonelectrolytes 


Veratrin 


Reagent 


Cardiac muscle 


Cilia of Mytilus 


Temperature . 


Oxygen . 


Cyanide . 


Monovalent cations. 


Qio for frog sinus for interval 
L2°~-30.5‘* - 3.1-1.3 
Oxygen consumption propor- 
tional to rate of beat 


Oxygen not directly required 
by the contractile mecha- 
nism but is required for pro- 
longed activity 
Reaction of the two types of 
tissue the same 
Sinus of frog active within 
limits pH 4 to 9.5. Opti- 
mum speed 8.1 
Acids reduce speed. Excess 
of alkali reduces rate of 
relaxation 

Li"^ beat slower than normal 
increase in concentration 
on sinus quickens beat 
markedly 

K+ in presence of excess of 
Ca+‘^ causes tonic contrac- 
tion 

Absence of Ca"^+ causes stop- 
page in relaxed position 
Ca+’^ can be partiaUy replaced 
by hydroxyl ions 


Qio for interval 0°“32.5® = 
3.1-1.92 

Oxygen consumption propor- 
tional to rate of beat 
Phases of heat rigor parallel to 
those of the heart 
Oxygen is not directly re- 
quired by the contractile 
mechanism, but is required 
for prolonged activity 


Active within limits pH 5 to 
9.5. Optimum about 9,0 

Acids reduce speed. Excess 
of alkali reduces speed of 
relaxation 

Li+ beat slower than normal 
K’*' increase in concentration 
causes quickening of lateral 
cilia 

in excess causes tonic 
contraction of frontolateral 
cilia 

Absence of causes stop- 
page in relaxed position at 

pH 7.0 

can be partially replaced 
by hydroxyl ions 
If cations are balanced, 
changes of anions have little 
influence 

Will beat normally in dex- 
trose for a considerable period 
Reduction of amplitude but 
not rate in hypertonic solu- 
tions 

Can replace potassium but is 
antagonistic to it 
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ih the rate of beat, and leads ultimately to a change in the amount of oxygen 
absorbed. This reaction is, however, not directly affected by a lack of oxygen, 
and in the absence of oxygen will continue for a considerable period. From this 
reaction is probably derived some substance of an acid nature, (2) A mech- 


Table 62 


— Comparison of Properties op Cieiary and Muscular Contractions 

(.Gray) 
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anism wMch is brought into operation by the presence of an activating acid 
substance, and which is sensitive to marked changes in the amount of water 
present in the cell. Calcium is a necessary constituent of this mechanism. The 
events associated with this mechanism are independent of and have no influence 
upon the amount of oxygen absorbed. (3) A reaction of an oxidative nature 
which is necessary for prolonged ciliary activity. The oxygen appears to remove 
some factor which is the direct result of activity and which if allowed to acciimu- 
iate will inhibit the activity of the whole ciliary apparatus. 

Gray is of the opinion that the facts point to the conclusion that the 
point of origin of the energy expended by the ciliated cells of M34ilus lies 
in an intracellular protein. He also calls attention to the very close 
parallel between the ciliary mechanism and cardiac muscle as illustrated 
by the sinus region of the heart. 

Effect of Osmotic Pressure. — ^The cilia of Mytilus are not very sensi- 
tive to slight changes in the osmotic pressure of the liquid bathing them, 
yet if the change exceeds a certain value the cilia ai’e brought to a com- 
plete standstill. Upon bringing the cilia back into water of the nor- 
mal concentration, the ciliary activity is resumed- In a solution which is 
not quite strong enough to cause complete stoppage, a reduced movement 
is maintained for a long time. In such a case the amplitude of the beat 
is much reduced while the rate is very little affected. The stoppage in 
the hypertonic solution is due to the fact that the loss of w'ater from 
the cell interferes directly wdth the contractile mechanism and not 
with the periodical liberation of energy. 

Studies of Ciliary Action with Stroboscopic Disk. — It has seemed wise 
to the present author to check the results of Gray and others upon ciliary 
movement by some method which would permit the determination of 
the actual rate of ciliary beat per minute under varied experimental 
conditions. This has been accomplished by means of a stroboscopic 
disk which can be rotated across the beam of light used for illuminating 
the object at a rate such that the periods of illumination correspond with 
the rate of beat. A revolution counter attached to the apparatus readily 
gives the rate of rotation of the disk; therefore the rate of illumination of 
the cilia, and hence the rate of beat. When the rate of illumination cor- 
responds with the rate of stroke, the cilia appear to stand still, for they 
are then being illuminated in the same phase of the stroke. It is thus 
possible to read directly the rate at which the cilia lash under normal or 
experimental conditions. 

Observations of some interest have been made upon the cilia of the 
gill filaments of Crepidulafomicaia. Each filament bears several hundred 
large cilia, and by appropriate dark-ground illumination these can be 
readily observed and the rate of beat determined. The following general 
observations have been noted; '' ' 
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1. In any given filament the rate of beat of ail the cilia is remarkably 
uniform — until pathological conditions prevail. 

2. The lashings of adjacent cilia and of cilia on adjacent cells appear 
definitely coordinated. 

3. A definite metachronal rhythm is established. 

4. The coordination of ciliary movement suggests nervous control. 
This has not been fully established, although it has been found that each 
gill filament is supplied with what appears to be a nerve. It has not yet 
been possible to establish any connections between this nerve and the 
ciliated cells. (It has been shown in the case of the ciliated epithelium 
of the mouth and pharynx of the frog that the rate of movement of the 
cilia is markedly accelerated by stimulation of the sjunpathetic trunk in 
that region and markedly inhibited by stimulation of the parasympathetic 
nerve supply.) 

5. The movements of the cilia of these gill filaments seem less subject 
to environmental conditions than are muscular movements. 

6. The sea water at Woods Hole furnishes a medium of nearly opti- 
mum properties for maintaining ciliary beat. Dilution of the sea water 
tends to slow the beat. A slight increase in the salt concentration does 
not interfere with the rate of beat, but a larger increase in salt concentra- 
tion does retard the beat. 


100 sea water 545 per minute 

95 sea water + 5NaCl 2)4 M 550 per minute 

90 sea water + lONaCl 2)4 M 472 per minute 

85 sea water -j- 151SraCl 2)4 M 445 per minute 

95 sea water + SHaO 480 per minute 

90 sea water 4* lOHsO 500 per minute 

85 sea water + I 5 H 20 460 per minute 


7. Slight decreases in alkalinity, and increases in acidity tend to slow 
the beat, almost regularly from pH 8.4, 462, to pH 6.6, 396 per minute. 

8. Decrease in effective Ca in the sea water tends to increase the rate 
of beat; increase of Ca to slow the beat. Increase of K increases the rate 
of beat. 


100 sea water 575 per minute 

100 sea water + 3 cc. oxalate 630 per minute 

100 sea water + 3 cc. citrate 598 per minute 

100 sea water 4* 3 cc. CaCb. 560 per minute 

100 sea water 4" 2 cc. KCl 600 per minute 

100 sea water + 3 cc. ECl 630 per minute 


9. Fully oxalate d sea water (so as to precipitate all Ca and Mg) slows 
, Oxaiated sea water. ................... 420 per minute 
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10. NaCI, ECl, and CaCl 2 mixtures affect the cilia as follows: 


NaCl;' 

KCl 

CaCh 

Beats per 
■ minute' 

100 

4 

1.5 j 

476 

100 

4 

2.0 

504 

100 

' '4 ■ ■ 

2.5 

470 

100 

4 

3.0 

465 

100 

4 

3.5 

447 

100 

4 

4.0 

" '422 

100 

4 

4.5 

■ ' 447 


11. It is known that temperature plays a large part in the control of 
the rate of ciliary beat. In the above quoted experiments attempts were 
made to hold the temperature at a constant value in order to avoid pos- 
sible complications. The effects of temperature upon the cilia of the 
gill filaments of Crepidula have not yet been studied. 

Reversal of Ciliary Action. — One of the most common phenomena 
associated with ciliary action among the protozoa is that of the reversal 
of the direction of the beat. Such reversals also occur among many of the 
lower invertebrates, but no case of reversal has as yet been reported 
among the vertebrates. The reasons why ciliary reversal should occur 
among animals in which cilia are the chief locomotor, food-gathering, 
and protective structures are readily apparent. The conditions which 
render ciliary movement possible and those which may serve to bring 
about a reversal of the stroke are still open to inquiry. 

Whether the conditions effective in causing a reversal are always the 
same is not known. In Metridium marginatum^ which was investigated 
by Parker (1905), it was shown that the normal, undisturbed, expanded 
animal has the cilia of the siphonoglyphes beating so as to carry water 
currents inward toward the gastric cavity and that on the lips and on the 
tentacles. the water currents are directed outward. When the cells of 
the lips are stimulated by the presence of some food material, such as 
crab meat or by some substance containing potassium ions, the direction 
in which the cilia of the lips lash is reversed, so that particles are carried 
into the mouth rather than away from it. Such reversal occurs only on 
the part stimulated, and there is no evidence of the spreading of the stimu- 
lus through nervous action. Also the wave of propagation of the ciliary 
movement as well as the ciliary stroke is changed in direction. Under 
these conditions it is a matter of interest that the direction of the stroke 
of the cilia of the tentacles and of the siphonogl 3 q)hes remains unchanged. 

Undulating Membranes. — Many of the protozoans are provided with 
undulating membranes which serve as locomotor organs. These have 
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long been considered made up of rows of fine cilia fused together into a 
homogeneous membrane. Chambers and Dawson have given a demon- 
stration of the fact that this supposition is correct. They have shown 
by microdissection methods that it is possible to pierce the membrane 
with a very fine needle. When the membrane is so pierced, it tends to 
break up into a series of fine cilia. So long as the needle is kept in posi- 
tion the cilia of the disrupted portion of the membrane repeatedly fuse 
and separate again. When the needle is removed, the cilia fuse again 
into a definite membrane. The reconstitution of the membrane occurs 
by a fusion which spreads from the bases of the cilia toward their free 
ends and is of such a character as to suggest the secretion by the cilia 
of a slime-like substance which spreads over the cilia so as to Join them 
into a homogeneous sheet. 

B. CONTRACTILE MOVEMENTS 

The Graphic Method. — In order to gain some definite information 
as to the sequence of events occurring during a muscle contraction some 
form of graphic-recording apparatus is used by means of which the muscle 
makes upon a moving surface an actual record of its own contraction and 
relaxation. Such methods have been devised of a variety of forms, some 
crude, some highly refined and specialized. A very convenient form for 
common use is that in which the muscle attached to a firm support at 
one end has its other end attached to a lever rotating about a fulcrum. 
The free end of the lever bears a fine writing point and is so placed as to 
make a light contact with a smoked paper borne upon a rotating drum. 
As the drum rotates, the muscle will trace a record of its contraction and 
relaxation. Used in combination with some form of time marker indi- 
cating appropiate intervals of time, and with the drum rotating at the 
proper speed, the record can be made to show the actual time relations of 
the different phases of contraction and relaxation. 

The Fundamental Physiological Properties of Muscle. — The general 
physiological properties of protoplasm and the physiological division of 
labor resulting in the production of highly specialized forms of tissue 
adapted to do certain special forms of work have been considered. 
Now the behavior of one of these highly specialized tissues will be exam- 
ined rather intimately, not alone because of its interest as a mecha- 
nism of movement, but especially because of its extreme exhibition of two 
or three of the fxmdamental properties of protoplasm, viz.^ irritability, 
conductivity, and contractility. 

Contractile Movements*— There is a wonderful variation in the degree 
to which the motor elements are found to be differentiated in different 
animal groups and in different parts of the bodies of the higher animals. 
It is common for histolo^sts, working chiefly upon the muscles of the 
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higher animalSj to recognize the existence of three forms of muscular 
tissue: (1) smooth muscle— nonstriated, involuntary in its action; 
(2) cardiac muscle — striated and taking the form of a syncytium with 
very many nuclei; and (3) striated muscle— voluntary, and forming the 
bulk of the skeletal muscle of the body. This classification is inadequate 
when all of the motor tissues found in the animal Idngdom are taken into 
consideration, but it has the advantage of applying very generally to 
those types of muscle cells most commonly known. There is a form of 
cell, the pigment cell, which has a power of movement comparable in a 
way to that of the smooth muscle and yet somewhat more primitive. 
In this case it is to be stated that movement is not the chief characteristic 
of the cell, and yet it is the property of movement which makes it possible 
for the pigment cells to serve as a protection to other cells from the action 
of light, or for the purpose of rendering the organism of which it is a part 
less conspicuous. 

I. Pigment Cells 

Melanophores. — The melanophores of the lower vertebrates simulate 
in behavior smooth muscle rather than connective tissues. The especially 
striking characteristic of these cells is their ability to appear to spread, 
by intracellular streaming movement, their contained pigment granules 
over a wide area through numerous highly branched processes and then 
to concentrate these same granules into their central body portions. 
The processes of the cells, in adult forms, appear not to be pseudopods, 
but permanent structures. Evidence exists that the melanophores of 
land amphibians are truly amoeboid. With advancing maturity, 
pseudopodal acti\dty diminishes until nothing remains of it but the 
streaming in and out of the pigment in performed highly branched chan- 
nels found as protoplasmic processes. 

The melanophore is a colloidal suspension of melanin granules (the 
dispersed phase) in a dispersion medium which is itself a very fluid sort 
of protoplasm. Contraction of the melanophore is a centripetal aggrega- 
tion of the melanin granules, and in expansion there is a centrifugal 
dispersal of the melanin granules. Such stimuli as serve to bring about 
the contraction of smooth muscle also lead to the aggregation of melanin 
granules, and such conditions as lead to relaxation of smooth muscle 
also lead to a dispersion of the melanin granules. 

The melanophores of the fish fundulus and of other teleosts are, like 
smooth muscle fibers, under the control of fibers of the sympathetic 
nervous system; they do not respond to stimulation by visible light but 
do respond to ultraviolet light, Melanophores of Rana esculentaj Hyla 
arhorea, Ambly stoma opacuMf and fundulus respond to proper strength 
and duration of electrical, mechanical, and chemical stimulation. While 
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a single make^or^^ shock is inadequate to produce a complete 
contraction, a tetanizing current of moderate intensity produces a 
complete contraction in which the following elements may be noted : 

a, A latent period of about 2 seconds at the proximal ends of processes, 
and of about 5 seconds at the distal ends of processes. 

&. An increase in the strength of the stimulus shortens the latent 
period, and increases to a maximum the extent of contraction, thus 
apparently not following the all-or-none law. 

c. Complete contraction, lasting 25 to 30 seconds. 

d. Complete relaxation, requiring 65 to 90 seconds. 

e. Properly spaced single break shocks which are individually almost 
or wholly ineffective as contraction stimuli are summated. 

Color Control in Fish and Tree Frog. — Color changes in fish and 
amphibia and in some reptiles are effected through pigment migrations 
in the melanophores. Various flounders show ability to adapt their 
coloration to that of the substrate upon which they happen to lie. These 
color changes seem to be mediated through the nervous system. In 
the case of the tree frog, Hyla versicolor, however, the skin coloration 
appears to be under humoral control (adrenalin, pituitrin). 

In fundulus, chemical substances causing depression of the central 
or the sympathetic nervous system produce darkening of the fish by 
expansion of melanophores. Small doses of anesthetics, such as ether 
or chloretone, or seriously toxic doses of atropine, cocaine, physostigmine, 
etc. induce contraction. The reflex paling of fish in response to light is 
increased by small doses of substances having a stimulating or sensitizing 
effect upon the central or sympathetic nervous systems, as physostigmine 
and cocaine. No good evidence has been found to indicate a parasympa- 
thetic innervation of the melanophores which causes expansion of the 
pigment processes. 

Rhythmic Activity of Melanophores. — Isolated scale melanophores of 
Fundulus heteroclitus show, under certain conditions, rhythmic activities 
suggestive of the rhythmic contractions and relaxations of muscle cells. 
When scale melanophores are immersed in N/10 NaCl after having been 
first immersed in N/10 BaCl 2 for 5 minutes, the melanophore pigment 
granules migrate rhythmically in and out of the cell processes by a sort 
of pulsating movement. At 12*^0. and below, the pulsations cease with 
the granules uniformly dispersed throughout the whole length of the 
processes. Between 12 and 32'^C., the amplitude of the pulsations 
decreases in a rectilinear manner, and the rate of pulsation increases in a 
nonrectilinear manner as the temperature increases. Movement ceases 
at about 32‘^C., the pigment granules coming to rest in a concentrated 
mass within the central body of the melanophore. The temperature 
coefficient of the rate of pulsation is about 3.6. 
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The behavior of the melanophores of the frog is essentially like that 
of the melanophores of fundulus. Contraction of the melanophores 
and lightening of the skin at the point of irritation are induced by noxious 
stimuli such as scratching or pricking of the skin. This effect is brought 
about by the direct action of the stimuli upon the pigment cells. 

Expansion of the melanophores and darkening of the skin follow 
artifieially induced anemia, stimulation of pigment motor fibers in the 
sciatic nerves, injection of adrenalin with section of the sciatic nerves 
and anesthesia with ether or chloretone. 

Effects of Acetylcholine on ilfeZanopAorcs.— While acetylcholine affects 
smooth muscle at most remarkably low concentrations, Parker was not 
able to demonstrate that this substance is to be regarded as normally an 
important factor in influencing the chromatophores of Fundulus hetero- 
clitus or of the common spotted frog, though in excessive amounts it may 
sometimes induce a partial darkening of the skin. 

Chromatophore Movements in Loligo.— Emil Bozler has developed a 
method for the registration of chromatophore movements in the squid, 
Loligo vulgaris. The movements are caused by contractions of smooth 
muscle cells. The time necessary for contraction after electric stimulus 
at 21^ was in many cases only second, never more than second. 
After 13 minutes with 20 stimuli a second, the muscle was not completely 
fatigued. These contractions could be superimposed upon a varyingly 
shortened condition, caused by a tonic contraction in the same cells. 
The tonic contraction was inhibited by faradic stimulation. The 
behavior of the muscle fibers agreed in all important details with that of 
the sphincter muscle of Pecten, which consists of two parts, a shortening 
muscle and a tonus muscle. This substantiated the earlier assumption 
of the existence of two, physiologically different, contractile mechanisms 
in the same cell, corresponding to the two components of the Pecten 
muscle. 

II. Smooth Muscl:^] Cells and Fibers 

The different types of muscle mentioned differ, not only in structure, 
but in behavior. Striated muscle, in its normal condition, contracts 
with great rapidity and only upon stimulation; cardiac muscle is by some 
supposed to contract automatically, but the weight of evidence indicates 
that here also normal activity is due to stimuli coming from nervous 
centers; the smooth muscle, being less differentiated, appears to have 
retained more of its power of spontaneous contraction. 

Distribution of Contractile Elements in the Animal Kingdom. — That 
an evolution of contractile structures has occurred is very readily seen 
when making a comparative study of the contractile elements in animals 
of different phyla. Evidences of the arrangement of the protoplasm into 




TEXTBOOK ■OF OOMPAEATIVE PBYSIOWGr 


contractile f3.bers: appear eTen among the protozoa* ' Here the contractile 
elements are known as These are usually considered ecto- 

plasmic structures/ lying in various directions in the protoplasm of the 
body and serving by their contractions to modify the form of the body 
or to move it into another position. The accounts given of the structure 
and arrangement of these elements are far from satisfactory at present, 
but there is ground for hope that this matter will soon be made clear. 
The work of Kofoid and of his students MacDonald, Swezy, Sharp, 
Taylor, and Yocum upon the neuromotor apparatus of various of the 
protozoa opens up an entirely new field. Some of this work will be found 
reviewed in the section upon the nervous system. 

Among the Porifera, muscles can hardly be said to exist. There are 
found epithelial cells, modified somewhat in shape through elongation, 


^iG. 75. — Muscle cells from the hypodermis of Hydra fusca. Af cell from oral region; 
u, vacuole; sb, striated border. B, cell from foot region, showing secretion granules, sec, and 
protoplasmic strands, /. 


which are slightly contractile. Parker found that these cells arranged 
about the oscula of the sponge Stylotella would close the osculum in about 
7 minutes after stimulation. 

Among the Coelenterata there is found a variety of conditions. Such 
forms as hydra possess neuromusculoepithelial cells (Figs. 75 and 76). 
These serve at the same time as protective, receptor, and effector cells. 
In others of the same group there are found definite muscular fibers 
arranged in bands in the body walls, and although the action of these 
muscle cells is slow, it is in aH respects comparable with that of smooth 
muscle found in the higher animals. In certain of the medusae there is 
also to be found muscle which has become so differentiated as to give a 
slightly longitudinally striated appearance. This muscle is undoubtedly 
much simpler than= the striated muscle of higher forms, and really repre- 
sents but a slight advance in complexity of structure over that of the 
unstriated muscle fiber. In some of the hy droids there is also found 
evidence of fibrillation of the inusculoepithelium into rather definite 
processes. ^ ; ‘ y , . 
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Among the worms are found elongated, very faintly fibrillated, longi- 
tudinally striated, but not cross-striated cells (Fig. 77). 

Smooth Muscle, — Among the lower invertebrates smooth muscles 
not only appear in the visceral organs but apparently constitute the 
whole musculature of the animal body. Among the mollusks there are 
examples of cardiac striated muscle. There is no hard and fast rule for 
the appearance of smooth and striped muscle cells. The echinoderms, 
worms, and mollusks (except cephalopods) have only smooth muscles. 
The cephalopods and arthropods are equipped with both striated and 




Fig. 77. — Muscle cell of Cercarioeum. 
Cf cell body ; w, muscle fiber. 


smooth muscles. Among the higher animals the skeletal muscles are 
of the striated variety and the muscles of the visceral organs (stomach, 
intestine, bladder, blood vessels, uterus, etc.) are smooth. In the higher 
forms, also, the cardiac muscles are of a type somewhat intermediate in 
structure between the smooth and striated varieties. 

The smooth muscles may be characterized as follows: Each smooth 
muscle fiber or spindle is morphologically a single cell, thus differing 
from the striated muscle fiber which represents the merging of a number 
of cells. The mammalian smooth muscle is a spindle-shaped structure 
having a diameter of 0.005 mm. and length of 0.05 to 0.25 mm. Usually 
the nucleus lies near the middle of the fiber. The fiber is made up of 
protoplasm in which the irritable contractile fibrils are embedded. The 
smooth muscle fibers normally respond to stimuli of various sorts, 
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electrical, nervous, chemical, and in some cases even photic stimuli. 
Among the sponges, for example, there are no nerve elements connected 
with the smooth muscle fibers located about the ostia. These muscle 
cells respond to direct stimulation by various environmental factors. 

Twitch and Tetanus of Smooth Muscle —Many years ago Budington 
called attention to some of the physiological characteristics of the smooth 
muscle fibers of the annelids. He found that preparations of the smooth 
muscles of the annelid worm Nereis containing remnants of the nerve 
cord indulge in spontaneous movements, sometimes appearing as simple 
or compound rhythms. 

Such muscle preparations respond to electrical stimulation by con- 
tractions comparable to the twitches of striated muscle, only being much 
slower in action. The phenomena of the summation of contractions can 
be readily demonstrated, and if the stimuli are thrown into the muscle 
as rapidly as 4 per second, tetardc contractions are induced. 

It is now generally recognized that, exactly as is the case with striated 
muscles, it is possible by single induction shocks to induce twitch con- 
tractions of smooth muscles. The latent period, period of shortening, 
period of sustained contraction, and period of relaxation are all much 
longer than in the case of striated muscle. 

Since the shortening processes of smooth muscles take place very 
slowly, a second stimulus, even if it follows the first at a considerably 
longer interval than is possible in the case of striated muscle, will still 
show some residuum of the effect of the first. The result is that summa- 
tion of one contraction upon another occurs very readily and that these 
summations pass over into tetanus with fewer single stimuli. Smooth 
muscles are less fitted than striated muscles to adapt themselves to the 
quickly changing circumstances of life of the higher animals, but they 
are fitted to maintain firmly and steadily without fatigue a condition 
of shortening which they have once attained. 

Tetanus and Tonus of Smooth Muscle. — It is necessary to recognize 
two modes of operation of the smooth muscle: (1) the muscle may strongly 
contract against a certain resistance, transforming chemical energy into 
work, as its fibers shorten; (2) the muscle may hold its fibers in the par- 
tially or wholly contracted condition assumed during a contraction, 
without any further expenditure of energy. The first case is one of 
tetanus, the second is one of tonus. As an illustration may be mentioned 
the smooth muscle fibers in the walls of the blood vessels of the human. 
The walls of the blood vessels have the capacity to maintain for a long 
time without fatigue the normal blood pressure. At any moment these 
blood vessels must be in position to relax and allow larger amounts of 
blood to pass through them. They are, therefore, not to be considered 
as offering the resistance of a lifeless, elastic layer, but rather that of 
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living, contractile fibers which at all times may adjust their length to 
the demands upon them, holding any chosen length without expenditure 
of energy. Jordan has calculated that if this particular function were 
carried on by striated muscle it would account for at least one-fourth 
of the collective metabolism of the human musculature. 

Another example which may be mentioned is the adductor muscle 
for closing and holding shut the shells of the bivalve mollusks. These 
shells are hinged together and in this hinge is an elastic band or ligament 
that continually offers resistance to the closing of the shells. The adduc- 
tor muscles first close the shells and, second, offer resistance to the elastic 
pull of the ligament or to any other pull which may tend to open the 
shells. As soon as the muscles have shortened so as to close the shells, 
one can pry the shells open only by a great expenditure of strength. The 
muscles offer great resistance to pull. If such a condition were to be 
maintained by striped muscles, it would be necessary to throw into the 
muscles a continuous series of stimulating impulses during the entire 
period of shell closure, and the cessation of such a stream of impulses 
would signal the opening of the shell. Each stimulating impulse in the 
striated muscle calls forth a certain expenditure of energy, and a long 
series would result in fatigue. Here, in the case of the adductor muscles 
of the shell, the duration of the contraction is independent of the initial 
stimulating impulse. The relaxation must be ascribed to a new inhibit- 
ing impulse. 

Muscles of Pecten. — The scallop, Pecten, is provided with adductor 
muscles containing both slowly and rapidly contracting fibers. The 
slow part of the adductor muscle of Pecten magellanicus, on electrical 
stimulation, gives a twitch which is about 100 times as slow as that of 
frog skeletal muscle, and in which large tension may be developed. In 
Pecten maximum and Pecten opercularis, separation of the slow and quick 
muscles usually results in a contracture^^ of the former, during which 
the viscosity is increased, although the tensions developed are relatively 
small. This is due to reflex excitation from the severed nervous connec- 
tions and can be partly or completely abolished by direct faradization 
of the muscle. In intact animals, it would appear that the muscle con- 
tracts tetanically for the most part. The quick muscle gives a rapid 
twitch on electrical stimulation; fusion of the twitches is not readily 
obtained, and fatigue is rapid. 

Smooth Muscle of Vertebrates, — ^Examination of the muscles of 
some of the hollow organs of the vertebrates reveals interesting facts. 
If one measures the internal pressures, at different degrees of filling, of 
the bladder of a dog (or of a human), it is found that the pressure is inde- 
pendent of the degree of filling and that (leaving the hydrostatic pressure 
out of consideration) it is about, zero. This is a remarkable fact, because 
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if oae fills witli liquid a sac whose wall is of some elastic material such as 
rubber, there exists iu the sac, according to the degree of filling and stretch- 
ing of the wall, both tension and pressure. The more the wall is stretched, 
the more does its elasticity act to regain its original form. The smooth 
muscle is an exception to this rule. The musculature of the ureter forces 
urine into a full bladder or an empty one with almost the same pressure. 
The muscles of the esophagus use almost the same power in forcing food 
into an empty or a full stomach. In the case of the dog it has been shown 
that a stomach containing 240 cc. showed a pressure of 7.6 cm. H 2 O. 
The pressure developed when the amount of liquid in the stomach was 
increased to 460 cc. was only 7.0 cm. H 2 O. Also, when the stomach 
empties itself, it must assume its original size. 

Ail hollow organs have, in the empty condition, thick walls and small 
lumen; in the full condition, thin walls and large lumen. The muscula- 
ture of the empty organ never shows folds. The mucous lining of the 
organ may be thrown into folds as the organ empties. In the case of 
the dog bladder, the volume difference may be as much as five or six 
times the smallest volume. This change in volume involves two fac- 
tors: the individual muscle cells elongate, and the fibers also have the 
power to glide by each other so as to make, out of a wall many cells in 
thickness, one only a few cells in thickness. In the wall the cells have 
the characteristic (whether they be shortened, or stretched out at full 
length) to remain quiet in each desired length and to take on zero 
tension. 

Heat Production by Smooth Muscle. — ^The contraction of the smooth 
muscle calls for the expenditure of energy, as does the contraction of 
striated muscle. Synder in this country and Bozler in England have 
studied the heat production and tensions developed by various smooth 
muscles during different phases of the contraction process, in the presence 
of oxygen and in its absence. Such investigations, because of the very 
small amounts of heat produced, call for refinements in technic beyond 
the possibilities of the ordinary student laboratory. As the result of 
investigations upon the muscle of the bladder of the terrapin Malaclemys 
palustris^ Synder found four kinds of heat production: 

1. The mean absolute initial heat produced by the smooth muscle 
of this organ is nearly all anaerobic in origin and is, per gram muscle and 
per gram tension, of the same magnitude as has been found for skeletal 
and for cardiac muscles, from which it follows that the processes leading 
to contraction in smooth muscle are probably the same as in cross- 
striped muscles. This initial heat is more than sufficient to account for 
the energy display of the tension developed. 

2. There is liberated in snaopth muscle, as in skeletal and cardiac 
muscles, a quantity of delayed anoxidative heat, the mean value of which 
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in four experiments j however, is considerably greater than that found 
in the cross-striped varieties and may be accounted for by an anaerobic 
breakdown of glycogen into lactic acid. 

3. During the early period of recovery from prolonged anoxybiosis, 
an oxidative initial heat production is observed for the smooth, as well 
as cardiac muscle. 

4. The delayed oxidative heat production of the bladder muscle, 
when recovering (in oxygen of high tension) from a previous prolonged 
anoxybiosis, has a mean value equal to that observed for unfatigued 
sartorius. When unfatigued, or when recovery is apparently near com- 
pletion, the delayed oxidative heat of the smooth is of a smaller magni- 
tude, as a rule, than that found for the cross-striped muscle. This is 
probably due to a difference in kinds or quantities of oxidative catalysts 
(a difference in intensities rather than in kinds of chemical reactions) 
involved in the recovery processes of the two kinds of muscle. 

In the muscle of the stomach of the terrapin, with stimuli duration of 
0.5 to 28 seconds and of varying intensities, the thermal response lasts 1 to 
6 minutes, and the total rise in temperature is from 0.0002 to 0.00115°C. 
The heat production is 0.64 X 10~® cal. per gram tension developed per 
gram of muscle per second. Similar results have been obtained by Synder 
with the spontaneously beating terrapin ventricle and by others with 
striped muscle; the ventricular heat production, however, is sometimes 
considerably larger. The heat production in smooth muscle is thus of 
the same order as in other varieties. 

Energetics of Snail Muscle, — The retractor muscle of the pharynx 
of the edible snail Helix pomatia has, for short durations of stimulus 
H/Tly an average value of 0.14 (practically the same as for the sartorius 
of the frog, increasing in a linear manner with the duration of stimulus. 
The ratio of total to initial heat in the presence of oxygen is about 2.1. 
The delayed heat is largely, probably completely, absent in the absence 
of oxygen. The “coefl&cient of economy in maintaining tension^' is 
expressed by the ratio Tldt/H, where T is tension, t is time, I is length of 
muscle, and H is initial heat. It is much greater than in the frog, increas- 
ing after moderate exercise, in some experiments as much as fifteen times. 
This change is due to an alteration in the time relations of relaxation. 
A considerable increase in economy’^ is effected by carbon dioxide in 
rather low concentrations. There is no evidence that tension may be 
maintained without heat production. The great economy of the muscle 
under certain circumstances can be explained by the slow time relations 
of the mechanical response. 

Effects of pH upon Smooth Muscle,— Moderate changes of pH to the 
acid side of pH 7.6 cause a relaxation, to the alkaline side a contraction, 
of smooth muscle from the stomachs of rats, rabbits, and cats. Large 
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changes of pH to the acid side cause a contraction (pH 5.9 to 2.1) and 
finally relaxation (beyond pH 2.1), of the smooth muscle. To the alka- 
line side, large changes (NaOH to 175/10,000 N) cause contraction, and 
still larger changes finally cause relaxation. The reaction of the smooth 
muscle to alterations of pH appears to be independent of the peripheral 
nervous system and is of a physicochemical nature. 

The average pH of the muscles of various marine animals is, accord- 
ing to Furusawa and Keridge, 7.06 in resting condition and 6.33 in rigor. 
These figures are in close agreement with those obtained for the muscles 
of the frog and the cat. 

The pH of resting skeletal and cardiac muscle from cats anesthetized 
with ether and chloralose has an average value of 7.05, slightly greater 
than the value for venous blood. The uterus has an average pH of 
7.42. The pH is definitely decreased in muscles electrically stimulated 
to complete exhaustion and during rigor mortis. It is probable that no 
acids other than lactic are produced as the result of activity. 

III. Striated Muscle 

A full understanding of the workings of such a tissue as striated muscle 
can hardly be expected without a knowledge of its more minute structure. 
Much time and effort have been expended by many investigators in an 
attempt to solve the riddle of muscle structure, but a complete and sat- 
isfactory knowledge of it is still to be obtained. The accounts given of 
muscle structure in most of the histologies are of little value to one who 
is making an attempt to explain the way in which the muscle operates. 

Muscle fibers taken from different animals appear to vary consider- 
ably in their structure, and perhaps this is to be expected. Certainly, 
it w^ould hardly be expected that a contractile tissue had reached the 
same degree of evolutionary differentiation in all phyla of the animal 
kingdom. 

In general, it may be said that the skeletal muscles of an animal are 
composed of muscle fibers, which may be grouped into larger or smaller 
bundles. Under the high powers of the microscope each fiber appears as 
made up of thread-like and regularly marked fibrillae or sarcostyles run- 
ning parallel to each other for the full length of the fiber. Closer inspec- 
tion: reveals the fact that the fibrillae or sarcostyles do not constitute the 
whole of the fiber but that they comprise a larger or smaller part of it, 
being immersed in a cylindrical or prismatic mass of rather liquid sub- 
stance, termed sarcoplasm, bounded by a definite membrane, the sarco- 
lemma, which adheres closely to the surface of the fiber. It has been 
held that the sarcolemma is really a product of the connective tissue, but 
this idea is now disputed and it seems that the sarcolemma is, in fact, a 
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part of the muscle fiber, but at the same time most intimately associated 
with the connective tissue. 

In addition to the fibrillae or sarcostyles which He in the sarcoplasm 
there are also numerous nuclei, slightly elongated in form and in other 
ways different from the nuclei of the connective-tissue cells lying in the 
cytoplasm between the fibrils and sarcolemma. Other nuclei are scat- 
tered about among the fibrils, rather 
deep down in the fiber. These nuclei 
do not appear to have any very defi- 
nite significance so far as the cellular 
character of the fiber is concerned. 

That the bundle of fibrils is really 
what it appears to be is easily shown, 
since these elements are very likely 
to become separated from each other 
and to stand out alone. In the 
muscle of the sucker such a fibril or 
sarcostyle is claimed by Dahlgren and 
Kepner to be composed of two kinds 
of substance, the so-called isotropic 
and anisotropic substances. These 
substances are distributed in the fibril 
with absolute evenness and regularity. 

The isotropic substance does not 
readily stain, while the anisotropic 
substance stains very deeply. 

The anisotropic substance is deposited 

(in the sucker muscle fiber— see Fig. 78), f muscle from the sucker Catostomus. 

. , T , « 1 1 /tJ -A-s the scale will not permit oi nne detail, 

in regular areas which are of equal lengtii semidiagrammatic sketch in the lower 

and equally spaced from each other. For right corner serves to show the relations 

convenience each of these is designated dark and light elements in the three 
o X vx i/xxcov^ xy^ ^^oxgxxcx contraction stages of the fibril. The mam 

by the letter Q, Such a portion of the figure shows the Q stripe separated as in jB. 

anisotropic substance with one-half of the capillaries containing blood cells and 

isotropic substance on each side of it is “^1 nudS! ooSecWto^^^ 
commonly referred to as a sarcomere. X lOOO. {Dahlgren and K&vner, ''The 
This arrangement holds for the fibrils in Histology:^ Copy- 

the voluntary muscle of this form, and Beprinted hy permission,) 
it is further true that where a number of 

fibrils are gathered together into a bundle the sarcous elements are ail in perfect 
alignment and directly opposite each other. This gives to the fiber its striated 
appearance. In the ease of the sucker the broad, darkly staining portions are 
about two-thirds the width of the intervening Hght stripes. 

In most instances this band of the sarcous element is divided at its middle by 
a fighter band. This is caused by the beginning of the act of contraction in 
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which the broad, black bands of the sarcous elements separate into two parts 
(Fig. 78*4 shows this condition),^ 

The light or isotropic band of the muscle fibril, is seen on close inspec- 
tion to be divided midway between two successive anisotropic bands 
by a dark line, the intermediate septum, Krause^s memhrane, to which 
the letter Z has been given. In any individual fibril the membrane is 
represented by a spot or granule. Dahlgren and Kepner and others 
hold that the intermediate granules in any single plane are bound together 
^ fnl ^ transparent membrane. That this is true 

seems to the present writer a matter of some doubt. 
1 11 ill III A suitable muscle for the study of the struc- 

m 11 1 1 ill relations of the fibrils is that found in 

J I 1^^ appendage of the lobster. The following 

I I i account is taken from Dahlgren and Kepner^s 

^ Principles of Animal Histology 

11 11 muscle shown in the figure was from the basal 

/\ I joint of the antenna of a lobster that was on the point 

^ emerging from its shell. This figure (Fig. 79) repre- 
Sp i sents a part of the fiber, the upper end of which was 
YflUiii attached to the shell. The two smaller nuclei are 

/NffHiii I probably the first edges of nuclei that are, in reality, as 

M\ ' I 1 larger ones. 

\ fortunate condition is that the part of the 

V muscle next to the shell was at rest and in a relaxed 

I condition, while all the other segments showed success- 

ill i stages of contraction. The first segment measured, 

l iiii magnifications, 17>^ millimeters. Each 

^ ^ . succeeding one measured a little less, until the last is 

muscle of lobster. (Dahl- only 12 milhmeters long. This alone shows us that we 
gren and Kepner, “ The have a Carefully graded series of contraction stages, and 

examination of the successive stages confirms this 
by The Macmillan Com- vieW. 

I^ upper segment of the eight sarcous seg- 

ments shown in any one of the sixteen myofibrils that 
compose this fibril bundle, we can notice that the anisotropic material is deposited 
in a long rod-iike area in the middle of the segment. This area we will designate 
as 0, and it is usually so-called in works on muscle structure. 

On each side of Q is an area of: non-staining isotropic substance not more 
than a quarter as long (or wide, if we Consider the whole band that they form) 
as Q, Conforming with usage, we shall call tMs j. There are two of these. 


1 Quotation from Dahlgren and Kepner, *Trincipies of Animal Histology/^ 
Copyright, 1908, by The Maciixillah Company. Reprinted by permission. 
Reprmted^^^^ 
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Bordering on j on its side farthest from Q is a row of dots or round bodies. 
These are of black-staining anisotropic substance and are called Z, They mark 
the limit of the sarcous element or muscle unit of the fibril, and where two ele- 
ments touch, the dot is double, although the two parts are molded together and 
do not usually appear as twin bodies. The upper segment in our figure shows 
both a double Z body (where it touches the segment next lower) and a single or 
half Z body at its upper end, where it is attached to the connective-tissue cells. 

The Z bodies, then, form the intermediate line and are connected with one 
another by a transparent or non-staining membrane that 
extends through the cell from side to side, even in such parts 
of it as contain no myofibrils. This can be well seen in the 
portion of the fiber figured, especially where the larger and 
smaller bundles of fibrils have separated to make room for 
the two large nuclei and their surrounding sarcoplasm. 

The second muscle segment shows no great difference from 
the first, although it is a trifle shorter. In the third, however, 
a change has occurred and Q becomes thinner in the middle. 

The whole segment is about one-twentieth shorter than the 
second. In the fourth segment the Q area is not only thinned 
out in its middle, but its substance does not stain as black in 
this thinned middle part. 

The remaining five segments are alike in the fact that the Q 
areas are elongated until their black ends have met the corre- 
sponding ends of the Q areas of the neighboring segments. 

In doing this they hide the Z dots and make a much darker 
and wider band across the muscle fiber in its place. Their 
middle parts have become clear and non-staining, except 
that an edge appears to be left on each side. This is prob- 
ably a refraction line. 

In the middle of this Q area, now light and non-staining, 
appears a small black dot that resembles the Z body of the 
relaxed stage except that it is smaller and is not coimected 
with its neighbors by a membrane. This dot with its neighbors forms the M 
stripe. (In Fig. 79 the M stripe is the same width as the two halves of the Q 
stripe.) 

The usual appearance of the fiber is now entirely changed, and upon a care- 
less examination appears to have been reversed, as though the Z bands and Q 
bands had changed places. It takes a careful eye, even in such a favorable 
specimen as the one from which the figure was drawn, to run from band to band 
and note the real change. This difficulty is a weakness of the eye muscles and 
can be demonstrated by an attempt to count the pickets in a distant fence, which 
can be clearly seen if the eye remains still, but are lost count of if the eye moves 
to follow them. 

Many other forms of muscle have a more complicated pattern of sarcous 
elements than the ones we have been studying, as in some insects, for example, 
where a band of anisotropic areas in the fibrils extends through the middle of 
the j area. When found, this band is called the N band (Fig. 80). Its presence 



Fig. 80. — Bit of 
muscle fiber from 
the body wall of an 
adult larva of Cory- 
dalis cornutis. 
Shows the N stripe 
near the Krause’s 
membrane Z. n, 
nucleus. (JDahlgren 
and KepneTt “ The 
Principles of Animal 
Histology. ’ * Copy- 
right 1908 hy The 
Macmillan Compa- 
ny. Reprinted hy 
permission.) 
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causes some unimportant complications in the contraction process. The iso- 
tropic bands are designated by small letters. 

In most muscles, the bands are so jBne and close set that it is difficult to dis- 
tinguish them clearly. Then, again, one does not know what stage of contraction 
is presented. The usual condition shows one of the intermediate stages, as in 
the sucker muscle, where the eye of the ordinary observer would take each of 
the two ends of the divided Q stripe for the Q stripe of the resting muscle, until 
study showed the true relations. 

Extensibility and Elasticity of Muscle.— One of the simplest observa- 
tions to be made upon muscle, either when it is in its natural position 
in the body or when it is excised, is that it is capable of being stretched 
beyond its normal length and that when the force which altered its 
form is removed it tends to return to its original form and length. It 
may therefore be said that the muscle fibers are 
extensible and that they are elastic. 

The extensibility of muscle is somewhat 
unlike the extensibility of certain nonliving sub- 
stances, e.g.f as a rubber band. The extensibil- 
ity of the nonliving rubber band tends to be 
directly proportional to the weight and to the 
length of the body extended. The extensibility 
of the muscle differs in that the increase in length 
with each successive addition of weight is in a 
diminishing ratio. If the successive lengths of 
a frog muscle, as it is successively extended by 
Fig. 81.— Curveofexten- additions of uniform weights, are represented by 
Sion of muscle. This dia- ^ curve, the curve approximates the form of a 

of increasing loads upon the parabola (Fig. 81). As the Weights are succes- 
SnSSer ^^r^Gad) sively removed the muscle shows a regularly 

increasing elasticity. Usually under laboratory 
conditions the muscle fails fully to regain its original length. 

These properties of extensibility and elasticity vary greatly under 
different conditions of activity, fatigue, and physiological condition. 
Muscles, as commonly experimented upon in the laboratory, are under 
exceedingly abnormal conditions, having been removed from their 
natural environment, frequently suffering from mechanical abuse, being 
deprived of their blood supply with a consequent lack of oxygen and 
accumulation of wastes, and having had their nervous supply seriously 
disarranged. There is little doubt that under normal bodily conditions 
muscles would show perfect elasticity and that the departures observed 
from perfect elasticity are due to the abnormal conditions under which 
the muscles are working. 
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Muscle Action.* — ^The study of the phenomena of irritability and con- 
tractility, like other physiological processes, may be either descriptive 
or analytical. As descriptive physiology, some conception of the grosser 
facts and appearances of the various reactions might be secured, and the 
analysis should lead to some idea as to the nature of the fundamental 
processes involved in bringing about these appearances. 

First, an examination may be made of some of the facts of irritability 
and contractility and later an attempt to arrive at some understanding 
as to how the appearances may be brought about. 

Chronaxie of Muscle. — ^Attention has already been called in the sec- 
tions on the irritability of heart muscle to the chronaxie of that tissue. 
Skeletal and smooth muscles also have chronaxies, and it has been found 
that the chronaxie value for a given tissue may vary according to en\dron- 
mental conditions, such as soaking in solutions containing an excess of 
calcium or adrenalin, in both of which the chronaxie is lengthened. The 
chronaxie of the longitudinal fibers of the isolated frog rectum is length- 
ened by 


Glycocoll, d!-alanine 1-5:1000 

Sodium glycocholate 1-10: 1000 

Sodium taurociiolate 1 : 1000 

Papaverine 1:100,000 

Cocaine... ...1:1000 

Caffeine 2:1000 

Chinin 5:1000 

The chronaxie of the same muscle fiber is shortened by 

Cocaine 1:20,000 

Chinin 1:1000 

Chinidin 1:10,000 


It is evident that the nerves having slow conduction have also long 
chronaxies, Lapicque and Legendre have shown that in the dog the 
diameter of the nerve fiber is closely related to its chronaxie, the larger 
fibers having the shorter chronaxies and the smaller fibers the longer. 
Also, it has been shown that the nerve fibers leading to red muscle fibers, in 
the rabbit, are not only thinner than those going to the white muscles, 
but have longer chronaxies and lower velocities of conduction. Also, 
the slower acting nerves have a longer action current. The slow muscles 
also have long chronaxies. 

According to Lapicque a muscle and its motor nerve constitute an 
isochronal system; t.c., both have the same chronaxie. If the two chron- 
axies become modified so as to fall out of step with each other, the nerve 
no longer stimulates the muscle. Such a disturbance may be effected 
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throiigli the use of curare and some other drugs. Fredericq recognized 
four kinds of curarization: 


Chronaxie of 
nerve 

Chronaxie of 
muscle 

Example 

1. Unchanged 

Lengthened 

Curare, sparteine, fatigue 

2. Unchanged 

Shortened 

Veratrine 

3. Lengthened 

j Unchanged 


4. Shortened 

Unchanged 

Strychnine 


A crucial experiment may be cited. Veratrine shortens muscle 
chronaxie, but does not effect the chronaxie of nerve. Strychnine 
shortens nerve chronaxiej but does not affect muscle chronaxie. If, 
then, a muscle nerve preparation has been so treated with veratrine as 
to make reaction impossible, the isochronism may be reestablished by 
treatment with strychnine. The chronaxies of both muscle and nerve 
are thus modified in the same direction. 

Forms of Muscle Contraction. — Students of muscular activity recog- 
nize two types of muscular contraction, isometric and isotonic: 

1. Isometric Contractions . — These are contractions in which the 
muscle, w^hen stimulated, exerts its force against the immovable supports 
to which it is attached and thus result simply in the development of 
tension. 

2. Isotonic Contractions . — ^These are contractions in which the muscle, 
when stimulated, exerts its force in moving a part in relation to another 
part to which it is attached and so accomplishes work. In this case 
the weight lifted must be applied in such a way that its inertia does not 
come into play, 

A muscular contraction may be of one type during one part of its 
contraction and of the other type during another part. It may be 
reasonable to question whether any muscular contractions may not at 
first be isometric and then isotonic, as in lifting weights, etc. 

The Muscle Twitch. — ^When a muscle is stimulated with a single 
induction shock either through its nerve or directly, it responds by a 
rapid contraction and relaxation. This form of contraction is not at all 
like the contractions which normally take place when the muscle is 
situated in the animal body^ being simpler m type. A study of this 
form of contraction will give information tending to make clear the normal 
mode of muscle action. In order to examine the series of events occur- 
ring during this contraction and relaxation, which will be referred to as a 
twitch (Fig, 82), the isolated musck is set up in connection with a writing 
lever having its writing point in contact with the smoked surface of a 
rapidly rotating drum. Directly in the same vertical line with the 
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Fig. 82 . — Single muscle twitch — frog’s 
gastrocnemius. The upper line is the 
record of the muscle contraction, the 
middle line is the record of a tuning fork 
beating }{oo second, and the lower line 
indicates the instant at which the electrical 
stimulus entered the muscle. The writ- 
ing points of the muscle lever and the 
signal magnet were in the same vertical 
line. The distance between the two 
vertical lines gives a measure of the time 
elapsing between the instant of stimula- 


writing point of the muscle lever is the writin«g point of a signal magnet 
which is introduced into the primary circuit of an induction coil furnish- 
ing the stimulating current. This writing point will then record the 
instant of completing and of breaking the circuit— and thus the instant 
of stimulation. A tuning fork beating Koo second should also be pro- 
vided for recording the time intervals 
actually occupied by the various 
phases of the muscle action. The 
drum is allowed to rotate rapidly; the 
key controlling the electric circuit is 
closed; the muscle contracts and 
relaxes; the key is opened; the muscle 
contracts and relaxes again, each time 
tracing upon the smoked surface of the 
drum a record of its movements. The 
record gives information as to the total 
time required for the contraction and 
relaxation ; the time required for the 
contraction and relaxation, respect- 
ively; the time elapsing between the 
application of the stimulus and the 
beginning of the contraction; and the 
relative rates of contraction and relax- 
ation during the different phases of 
each process. Also by measuring the 
height of the curve produced and 
knowing the length of the muscle 
lever involved, it is possible to calcu- 
late the actual shortening of the 
muscle and then to determine the 
actual work done by the muscle. 

The Latent Period. — ^Any record 
of the contraction of a muscle made 


upon a rapidly moying surface shows 
that the muscle does not contract 

immediately upon stimulation, no matter what be the strength of the 
stimulus. A certain small interval of time elapses between the stimulat- 
ing impulse and the beginning of contraction. This period is known as 
the latent period (see Fig. 82). It might easily be thought that no change 
is taking place during this period were it not for the very definite evi- 
dence of an electrical change in the muscle beginning almost simultane- 
ously with the application of the stimulus. This electrical change is an 
indicator of the excitation process of the muscle and appears to be 
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iiidepBiideiit of the contractile process, since it is possible, as shown by 
Mines, completely to separate the two processes. The change which 
occurs ill the muscle substance following the application of the stimulus 
is, according to present evidence, a chemical one. 

At all times the muscle substance is giving off small amounts of 
carbon dioxide; this small amount is not increased when the muscle is 
stimulated under lack of oxygen. This carbon dioxide is not the result 


Fig. 83. — Effect of temperature upon the contraction of the frog's gastrocnemius 
muscle. 1, at 10®; 2, at 15®; 3, at 20®; 4, at 25®; 5, at 30®; and 6, at 35®. The temperature 
coefficient for the whole range is approximately 3.1. 

of ordinary metabolism but has been shown to be due to the neutraliza- 
tion of acid produced in the muscle under anaerobic conditions by the 
carbonates of the muscle substance. 

Effect of Temperature upon Muscular Contraction. — The effect of 
changes of temperature in physiological activities is very clearly shown 
in muscle. All phases of the contraction are affected. Lowering the 
temperature to 0® or thereabouts decreases the irritability of the muscle 
and lengthens the latent period, the period of contraction, and the period 
of relaxation. On the contrary, raising the temperature up to, say, 
28°C. increases irritability and shortens the latent period, the period of 
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contraction, and the period of relaxation. At some point between 26 
and 30° the muscle usually reaches its optimum activity. At tempera- 
tures above the optimum the activity of the muscle decreases rapidly. 
Not all muscles are affected in the same way by changes of temperature. 
The muscles of different species and of different individuals of the same 
species behave somewhat differently. In the case of frogs, the history 
of the animal previous to experimentation is a factor to be considered. 
The muscles of animals which have been kept for a long time in very 
cool surroundings behave differently from those which have been kept 
at summer temperature for some time. 

The contraction of muscle involves both physical and chemical fac- 
tors. It is not possible that all of these factors should be influenced in 
the same way or to the same degree by changes of temperature. Wooley 
has shown that the temperature coefficient of the latent period of the frog 
sartorius is 2.0 for temperatures between 5 and 15°C. and 1.8 for tempera- 
tures from 10 to 20°. In general, the results of experiments indicate that 
the temperature coefficient of the whole period of muscle contraction and 
relaxation is such as would be expected if the muscle contraction is due 
to some fundamental chemical process (Fig. 83). 

Tonicity of Muscle.— The muscles of the living animal are normally 
at all times under a slight tension, i.c., they "are always, even when at 
rest, slightly stretched. Owing to this fact, muscular responses after 
stimulation are more efficient than would be possible if the muscle fibers 
hung loosely between their attachments. It has been suggested that this 
tone of the muscle fibers is of nervous origin. The fact that the muscles 
lose tone and become stretched out and more or less flabby when the 
nerves supplying them are severed points in this direction. 

Another set of facts is also of interest here. Muscles bathed in pure 
sodium chloride solutions lose tone and become very much stretched out, 
even by a very light load. When stimulated, such muscles contract less 
effectively than normal muscles. Whether this harmful effect of the 
sodium chloride is upon the muscle fibers directly, or upon nerve ele- 
ments going to the muscle fibers, has not, so far as the author is aware, 
been determined. Tone may be restored to muscles which have lost 
their tone in sodium chloride solutions by immersing them in solutions 
containing calcium in addition to the sodium chloride. If there is an 
excess of calcium in the solution a greater tone, i.e.j a somewhat greater 
degree of constant contraction than normal, may be maintained. Con- 
stancy in the hydrogen-ion concentration of the fluid bathing the muscle 
is also an important consideration in maintaining normal tone. 

Staircase Contraction. — ^When a perfectly rested muscle is subjected 
to several stimuli at short intervals, it is found that in both skeletal and 
cardiac muscle the successive contractions induced by stimuli of uniform 
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intensity are of regularly increasing amplitude until a certain maximum 
is reached. Mines regards the production of lactic acid in the muscle as 
responsible for the changes in surface energy and shows that, since there 
is an optimum hydrogen-ion concentration for the contractile response, 
the first effect of the production of lactic acid may be an increase of this 
factor from a suboptimal to an optimal value. 

In a study of the staircase phenomena in the gastrocnemius muscle 
of the frog, Guenzberg found an interesting fact. The muscle was per- 
fused for a number of hours (6 to 24) with a Einger^s solution lacking 
in potassium, and the sciatic nerve was stimulated by induction shocks 
every 2 seconds. If a continuous current. of oxygen was bubbled through 
the perfusing fluid, there was a prolonged staircase effect, probably 
the result of the retardation of the metabolic processes necessary for the 
production of a sufficient amount of lactic acid by the presence of the 
oxygen. If the perfusing fluid was charged with carbon dioxide, there 
was a much more rapid ascent of the staircase. 

Summation of Contractions and the Development of Tetanus. — 
The behavior of the muscle when stimulated by a single impulse has been 
seen. If, now, a series of successive stimuli is applied to the muscle at 
regular intervals, it will be found that the effect upon the muscle will vary 
according to: (1) the kind of muscle used; (2) the rate at which the stim- 
uli enter the muscle; and (3) certain external conditions, such as tem- 
perature and the previous history of the muscle. 

If the impulses enter the muscle at a rate which after a contraction 
allows the muscle fully to relax before the next succeeding impulse enters 
the fibers, there will be no change in the form or the character of the 
contraction, except that possibly successive contractions may show a 
gradually increasing amplitude of contraction, the so-called staircase 
effect. If, now, the interval is shortened betvreen two successive stimuli 
so that a second stimulus is given to the muscle before relaxation from 
the first contraction has occurred, it is found that the muscle immediately 
(after the usual latent period) contracts, and this contraction is in part 
added to the original contraction, so that the total shortening of the 
muscle is considerably greater than would be caused by either stimulus 
alone. Should a third stimulus enter the muscle before the relaxation 
from the second has taken place, there is again an additive effect, and the 
total contraction of the muscle reaches a still greater value. With 
succeeding stimuli, the muscle continues to contract more and more until 
it reaches a certain maxiipum beyond which it is not possible for the 
muscle to go. This superposing of contractions one upon another is 
known as the summation of contractions. It has been found that the 
greatest, effect from the second stimulus occurs when it is applied during 
the last third of the contraction resulting from the first stimulus. On 
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the other hand, if the second stimulus is applied during the latent period 
following the first stimulus, no extra contraction takes place. The second 
stimulus appears at this time without effect. During this period the 
muscle is said to be in a refractory phase. 

If, now, the intervals between successive stimuli of the muscle are 
regulated so that they are somewhat less than the time involved in the 
table contraction and relaxation period of the muscle (Fig. 84), it is found 
that when the stimuli are applied to the muscle it contracts, relaxes par- 
tially, contracts again, and before the relaxation is quite complete, con- 
tracts again, and so on, the contractions and relaxations in each case 
being only partial, and when grouped together, of the type referred to as 



Fig. 84. — Genesis of tetanus in frog’s gastrocnemius muscle. Number of stimuli per 
second, reading from left to right, are, successively, twice 2.4, 3, 3.5, 5, 7.2, 10.9, and 18, 
since a vibrating spring was employed, which made and broke the current at each vibration. 


partial tetanus or clonus. If, now, the rate of stimulation be increased 
slightly, it will be found that the relaxation phase will more and more 
disappear; and if the rate be increased to 20 to 25 impulses to the second in 
the frog mtiscle, the contractions wiU become fused and the crest of the 
curve traced by the muscle will become smooth and regular, showing 
that relaxation does not occur between successive stimulations of the 
muscle. This long-continued, maximal contraction is called tetanus. 

The tetanic contraction will continue (within limits) so long as the 
stimuli continue to enter the muscle. It will be noted that the muscle 
is not, however, able to maintain the full degree of its contraction for a 
long time. The crest of the curve soon begins to decline. This is an 
indication of fatigue and is probably due to the effect of the gradually 
increasing concentration of hydrogen ions in the muscle substance. 
As the amount of lactic and phosphoric acids formed and held within the 
muscle fibers increases, it can readily be imagined to be above the opti- 
mum during tetanic contraction, and the effect of such excess is con- 
tinually to decrease the amplitude of the successive twitches making up 
the tetanic contraction. 
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The number of impulses per second needed to throw a muscle into 
the tetanic type of contraction varies with different types of muscle, 
with different species of animals, and with muscles of the same species 
under different conditions. Stimuli entering smooth muscle at the rate 
of from five to seven per second may induce tetanic contractions. Stimuli 
entering skeletal muscle at the rate of 2 to 3 per second will bring about 
tetanus in the tortoise; at 10 per second, in the muscle of the rabbit; at 
15 to 20 per second, in the muscle of the frog; at 50 per second, in human 
muscle; at 70 to 80 per second, for the muscle of birds; at 300 to 340 per 
second, in the muscles of insects. 

The previous history of the muscle, particularly as regards tempera- 
toe, may influence the rate at which tetanus will appear. Frogs which 
have been kept at low temperatures for a long time — ^winter frogs — may 
show tetanic contractions at a much slower rate of stimulation than frogs 
taken in the summer — even though the actual experiments are performed 
at the same temperature. 

From what has already been said it will appear that sustained voli- 
tional contractions are of the same type as the tetanic contractions. 
There is a difference, to be sure, in the manner in which the muscles are 
stimulated, the experimental muscle being ordinarily stimulated by rapid 
induction currents, while the nerve in the body of the living animal is 
stimulated by nervous impulses. Piper has shown that in the human 
being the nervous impulses enter the muscles at the rate of from 40 to 
60 per second. At the same temperature as that of the human body 
the nerve cells of the tortoise apparently have approximately the same 
rate of oscillation, as determined by the string galvanometer, and there- 
fore stimulate the tortoise muscles at the same rate. 

The rate at which the nervous impulses enter the muscle appears 
directly proportional to the absolute temperature. 

The All-or-none Law. — ^In order to get the best results from the con- 
tractions of skeletal muscles, it appears essential that each fiber should 
act as a separate unit and that there should be no immediate communica- 
tion between adjacent muscle fibers. In smooth muscle and in heart 
muscle, excitation may pass from one fiber to another, so that waves of 
contraction may pass over the mass of muscle from a given point of 
stimulation. 

From the work of Bowditch upon the heart muscle of the frog there 
was established the all-or-none principle. An induction shock produces 
a contraction or fails to do so according to its strength; if it does so at 
all it produces the greatest contraction that can be produced by any 
strength of stimulus in the condition of the muscle at that time.^^ Keith 
Lucas has established the esdstence of the same law with regard to the 
contraction of striated muscle fibers. The same principle seems also to 
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apply in the transmission of nervous impulses and in the work of gland 
cells. 

It had for a long time been supposed that slight or minimal contrac- 
tions of a muscle followed slight or minimal stimulations of all the 
fibers composing the muscle, while maximal contractions followed 
maximal stimulations of the same fibers. The work of Lucas and of 
others who have followed his lead indicates the probability that there is 
not a delicately graded series of nerve stimuli which may pass to a 
muscle and thus bring about the contraction of a longer or shorter portion 
of the muscle fiber. Minimal contractions of the muscles are now 
believed to involve only a small proportion of the fibers making up the 
muscle, these contracting to the full extent of which they are at the time 



Fig. 85. — Fatigue curve of the gastrocnemius muscle of frog, taken on a rapidly rotating 
drum. Muscle stimulated once per revolution. All contractions recorded. Somewhat 
reduced in reproduction. 


capable, and that maximal contractions involve contractions of all the 
fibers making up the muscle. 

As opposed to a complete acceptance of the all-or-none contraction, 
reference must be made to the experiments of Gelfan and Geifan and 
Gerard. These investigators studied the responses of a single muscle 
fiber to induction shocks applied by microelectrodes. As stimulus 
strength is increased, the length of fiber responding and the size of the 
response similarly increase. This parailehsm continues longest when 
the electrodes are finest and most closely applied to the fiber, but even 
then, after the contraction has spread a distance of about 1 mm,, an all- 
or-none response of the entire fiber breaks through as the intensity of 
the stimulus is further increased. 

Muscular Fatigue. — ^Striated muscle, subjected to repeated stimula- 
tion for a considerable period of time, gives evidence of fatigue through 
lessened amplitude of contraction; through the development of a more or 
less permanent condition of contraction, called contracture; through a 
prolonged latent period; and through prolonged contraction and relaxa- 
tion phases, until there comes at last a time when the muscle is utterly 
unable to make any further contraction, no matter how great the strength 
of the stimulus. The condition of fatigue appears to involve a loss both 
of irritability and of contractility to a greater or lesser degree (Figs. 85 
and 86). 
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Fatigue appears to involve both a decrease in the energy-holding 
compounds available for the work of the cells and the accumulation of 
poisonous waste matters. Experiment easily demonstrates that an 
excised muscle becomes fatigued much more rapidly than one, in place in 
the body, in which the circulatory mechanism is still intact and func- 
tioning. One of the products of muscular activity is lactic acid. If 
this acid is produced at a greater rate than it can be removed from the 
muscle elements either by oxidation or by osmosis, the fatigue condition 
appears. In the excised muscle the fatigue appears the more rapidly 
because of the reduced amount of oxygen available for the oxidation of 
the acid produced in the fibers as the result of those chemical changes 



Fig. 86. — Contracture of frog's gastrocnemius muscle. Very slowly moving drum. Muscle 
stimulated once per second. Somewhat reduced in reproduction. 


leading to muscular movement. The acid produced is more likely to 
be the cause of the fatigue condition than the cause of the disappearance 
of the substances needed for muscular contraction, for Fletcher and 
Hopkins have shown that the amount of lactic acid produced in fatigue 
is only about one-half the amount produced when the muscle is subjected 
to heat rigor. 

Substances other than lactic acid may have a part in the appearance 
of fatigue. Scott has shown that not only lactic acid but /S-hydroxy- 
butyric acid, potassium dihydrogen phosphate, and carbon dioxide 
stand as causal agents of fatigue. Certain products of protein disinte- 
gration, as indol, skatol, and phenol, may be active agents in producing 
normal fatigue. There is also some evidence that the negative ion of 
lactic acid and of jS-hydroxybutyric acid and that the positive ions par- 
ticularly K+, are capable of producing certain fatigue phenomena. There 
appears no evidence at the present time that special fatigue substances, 
such as those proposed by Weichardt, exist, and there seems little proba- 
bility that either creatine or creatinine has any relation to muscular 
fatigue. 

The Osmotic Pressure of Resting and Fatigued Muscle* — ^Professor 
Moore has given a very interesting and significant sidelight upon the 
events which occur during the fatigue of a muscle. He found by means 
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of cryoscopic measurements that the average depression of the freezing 
point for the resting muscle of the bull frog is “~0.42'^C. and that for the 
completely fatigued muscle it is — 0.57®C. This difference is equivalent 
to that of a %oo M solution of a nonelectrolyte. The increased osmotic 
pressure of the fatigued muscle seems due to an accumulation of solutes 
of small molecular weight. 

Heat Production in Muscle. — ^In the study of muscle a number of 
interesting facts have been mentioned in regard to muscle action. Such 
facts have a certain importance of their own, but they come to have a 
greater significance when in some way it is possible to relate them to 
some of the deeper^ underlying considerations of how or why the muscle 
behaves as it does. The work upon muscle, interesting as it may be, 
cannot have in it much of real value unless it gives information of a more 
subtle character in regard to life processes. There is danger that too 
much attention may be given to the more spectacular appearances and 
too little to the more fundamental facts of muscle action. 

In the study of muscle action, as well as in the study of the actions 
of other types of protoplasmic cells, great difficulty has been experienced 
in coming to an understanding of what really happens in a muscle fiber 
when it contracts. It has already been pointed out that too little infor- 
mation has been obtained as to the structure of the muscle elements. 
This lack of knowledge affects an understanding of muscle action. Our 
most reliable information as to the nature of the processes which take 
place in muscle contraction comes from the work of Hill, Fletcher and 
Hopkins, Peters, Lundsgaard, Embden, and D, M. Needham. 

Chemical Machinery of Contraction. — ^Among the substances found 
in muscle are: 

1. Phosphagen = creatine-phosphoric acid. 

2. Adenyl-pyrophosphoric acid == adenosine triphosphoric acid. 

3. Glycogen. 

4. Hexosemonophosphate == lactacidogen, in small amount. 

5. Hexosediphosphoric ester — does not exist in normal muscles. 

According to Lundsgaard, in all circumstances the energy of contrac- 
tion is derived from the hydrolysis of phosphagen, and in all circum- 
stances where there is no progressive diminution of the phosphagen 
content, the phosphagen breakdown associated with each twitch is being 
completely reversed by means of the energy released by lactic acid pro- 
duction, or if oxygen is available, some oxidative reaction. The amount 
of phosphagen which it is necessary to break down to provide the energy 
of a single twitch is probably less than 1 mg. per 100 g. The skeletal 
muscle, therefore, carries an enormous reserve, and one is tempted to 
suppose that it is this fact which permits the high rate of energy produc- 
tion possible to skeletal muscles for limited periods. 
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Evolutionary Significance ■ of Pliospliageii.— Phosphagen has been' 
found in the muscles of all vertebrates examined, and even in amphioxus. 
Among the invertebrates, argenine-phosphoric acid takes the place of 
creatine-phosphoric acid. Not a great deal of work has been done upon 
the argenine-phosphoric acid, but the results so far available indicate 
that it serves an entirely similar purpose to that of creatine-phosphoric 
acid. It disappears from a muscle during fatigue and reappears during 
oxidative recovery. 

Lactic Acid and Heat Liberation of Muscle.~The more recent work 
has pointed to the view that lactic acid as such appears and disappears 
in the muscle as an incident of the machinery of muscle contraction, in 
which it or its hydrogen ion plays an essential part. The lactic acid 
appears to come from some substance referred to m the lactic acid pre- 
cursor j lactacidogen, or hexosephosphatey and through its change of position 
effects a change in the colloidal mechanism making up the muscle struc- 
ture. The carbon dioxide arises from some molecular system, not neces- 
sarily the same as that concerned in the lactic acid formation, where a 
combustion by immediate and not antecedent oxidation supplies the 
energy for the restoration of the lactic acid to its former position in the 
precursor and for the restoration of the status in quo ante of the muscle 
as regards its physical and chemical properties. It is to be noted that 
in this ease the carbon dioxide is not yielded as the result of a dissociation 
of a molecule already containing intramolecular oxygen but appears 
always as the result of a direct combustion due to a contemporary supply 
of oxygen. Carbon dioxide in much smaller amounts may appear from 
a muscle saturated with it, whenever circumstances make it possible for 
lactic acid to accumulate in the muscle to such a degree as to displace it 
from some physical or chemical combination. This expulsion of ready- 
formed carbon dioxide from the muscle tissues by increase of acidity pro- 
vides an obvious interpretation for the fact that a muscle deprived of 
oxygen may nevertheless continue to yield carbon dioxide. 

It will be recalled that two possibilities are before the muscle when it 
is stimulated. It may contract, in which case the energy liberated will 
be expended in doing muscular work, or it may simply develop a state 
of tension, a condition in which there is no shortening of the fibers and 
therefore no work accomplished. In this case the potential energy lost 
appears in the form of heat. Also heat is always produced during the 
restoration phase, and this may appear during a considerable period 
of time following the stimulation of the muscle. 

The work of Hill and of Peters has given us the best information 
concerning the heat evolved during the energy transformations of the 
muscular work, although the problem has received the attention of many 
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of the most able investigators. The study calls for a very high degree of 
technical skill in physical measurements. 

When a muscle is stimulated directly, or indirectly through its nerve, 
in an atmosphere of oxygen, either by a single induction shock or by a 
short tetanizing current, it is found that heat production continues for 
some time after the mechanical response is over. It is found also that 
the amount of heat liberated after the contraction is over is at least as 
much as that liberated during the contraction itself. Careful experiment 
leads to the conclusion that the delayed heat production is associated with 
an oxidation process occurring in the recovery of the muscle to a condition 
similar to that in which it was before the contraction took place. That 
oxygen is essential for this process is shown by the fact that this recovery 
cannot take place in the absence of oxygen, e.g., in an atmosphere of 
nitrogen. 

When a frog muscle is stimulated to the point of fatigue by a tetaniz- 
ing current in atmospheric air, Peters found that the heat production 
was approximately 0.9 cal. per gram of muscle tissue. By calorie is 
meant the amount of heat required to raise 1 gram of water 1"^ Celsius in 
temperature. The curve of heat liberation is roughly an exponential 
curve and shows that between 70 and 80 per cent of the total heat libera- 
tion occurs within the first 2 minutes of tetanus. This amount is about 
one-half of that of the heat produced by chloroform poisoning, for which a 
value of 1.70 cal, has been obtained. If, after a muscle has been indi- 
rectly stimulated to the point of fatigue, it is then subjected to chloro- 
form poisoning, the heat developed in the chloroform rigor amounts to 
approximately 0.87 cal. per gram. From this it is apparent that the 
sum of the heats produced during contractions to the point of fatigue 
and the heat produced after the fatigue by chloroform rigor is about 
equal to the heat production of fresh muscle by chloroform rigor. This 
result is confirmation of the view that no process of importance occurs 
in the process of heat rigor which is not also involved in muscular contrac- 
tion. Estimates of the amount of lactic acid produced in the heat 
measurements agree with those made under conditions of fatigue and 
rigor. Therefore, it may be said that heat production and lactic acid 
liberation are extremely intimately related. 

When a muscle is allowed to shorten, in a tetanus of given duration 
and stimulus, the heat production is very much less than when the con- 
traction is of the isometric type. The amount of the decrease of the 
heat-production value (which may be as much as 40 per cent) for an 
isometric contraction is of the same order as the percentage decrease 
in the length of the muscle. The greater the shortening allowed, the 
greater the decrease in heat production will be. It is concluded, there- 
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fore, that the heat production is determined by and is proportional to the 
length of the fibers during activity and that the heat production is a 
function of surface and not of mass. 

An increase in the frequency of excitation, up to the limit when com- 
plete tetanus results, never decreases but almost invariably increases — 
sometimes very largely — heat production. After complete tetanus is 
reached, the heat production per unit of tension developed and main- 
tained is absolutely independent of the frequency of excitation between 
the limits of 17 and 100 per second. The tension development and the 
heat evolution are features of precisely the same reaction. 

The absolute value of the heat production in tetanus of the frog sar- 
torius or semimembranosus is relatively constant at 15 X 10“"® cal. 
reckoned per centimeter length of muscle, per second maintenance of 
tension, per gram weight of tension developed. Including the recovery 
processes of oxidation following the contraction, this amount should be 
increased to 25 X lO""*® cal. This quantity, which may be regarded as 
the inverse of the efficiency of a muscle for maintaining a prolonged 
tension, is enormously large. The potential energy possessed by a muscle 
of 1 cm. length when maintaining a tension of 1 g. weight is about g.-cm., 
or about 4 X 10~® cal. Thus, in order to maintain a state of potential 
energy in a sartorius muscle about six to seven times that energy must be 
liberated per second. This extraordinary inefficiency and wastefulness 
of prolonged tension contrast curiously with the high efficiency of the 
same muscle in a rapid twitch. 

Red and White Muscle. — Muscles vary greatly in color, some being 
white, others containing more or less of pigment, even to a very dark red 
color. The fact that color differences may be associated with differences 
in behavior has been appreciated since the work of E. Ray Lankester in 
1871, who suggested that red pigmentation is found in muscles from which 
the most persistent and prolonged activity is required. Among the 
lower animals most of the muscles (except the heart) are not pigmented; 
among mammals most of the muscles are pigmented. 

Ranvier discovered that more stimuli per second are required to pro- 
duce a smooth tetanic contraction with white muscle than with red — ^in 
other words, the muscle twitch is slower in red than in white muscle. 

Many histological studies of striated muscle have been made in the 
hope of correlating differences of structure with differences of function. 
The structural differences have largely to do with the presence or absence 
of granules in the sarcoplasm, or the presence or absence of hemoglobin in 
the muscle fibers. The evidence presented by the different investigators 
is very conflicting, but upon the whole seems to indicate that: 

1. The white fibers are the more irritable and give the higher 
twitch. 
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2. The red muscle fibers are the less irritable, give a greater contrac- 
tion, in tetanus than do the l^hite, and oan maintain the contraction for 
a longer period than can the white fibers. 

Fisher made a study of the soleus (red) and the gastrocnemius (white) 
muscles of the cat and found that: 

1. There is no difference in the length of the latent period. 

2. The twitch of the soleus is more prolonged and slightly higher 
than that of the gastrocnemius. 

3. The tetanus of the gastrocnemius is less marked than that of the 
soleus and the maximum shortening is obtained only with a much greater 
frequency of stimulation. 

4. The tension curve for the isometric twitch of the soleus is pro- 
longed, but lower than that of the gastrocnemius. 

5. Tension is maintained for a longer time in the soleus than in the 
gastrocnemius. 

Hunter, Hunter and Eoyle, also Latham, have given evidence in favor 
of the view that the skeletal muscles of the vertebrates consist of two 
sets of fibers: 

1. A slender, granular type, maintaining plastic tone, chiefly involved 
in the maintenance of posture, innervated through the sympathetic, 
and in which lactic acid forms more rapidly but of less concentration than 
in the other type. 

2. A large clear type, concerned primarily with contractile tone, and, 
therefore, with movement, innervated by somatic nerve fibers, and which 
upon activity becomes more acid than the white fibers. 
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By excretion is meant the separation and elimination of waste materials 
from the body. These wastes may be of several sorts, and they may vary 
somewhat from animal to animal and in the same animal from time to 
time. The variations are in part due to differences in the food supply and 
in part to differences in the metabolic processes carried on in the animal 
bodies. The wastes may be substances taken in with the foods or as 
foods but not absorbed or assimilated by the protoplasm of the body, 
substances which are either useless or actually harmful, or they may be 
products of cellular decomposition, such as carbon dioxide or uric acid, 
or they may be substances of a poisonous nature which are formed by the 
cells of the body as the result of normal metabolic processes or as the result 
of some pathological condition within the body. 

In plants there are not, as a rule, special organs for the elimination of 
wastes, but these waste matters are stored either within the cells or in the 
walls of the cells. Among animals, on the other hand, special organs 
are usually provided for the elimination of wastes. In some of the lower 
forms of animals wastes are eliminated through the body surface only. 
There seems to have been a very gradual development of the power of the 
animal protoplasm to eliminate wastes, and a corresponding develop- 
ment of the structures necessary to do this work. In certain cases it 
seems very likely that the work of certain eliminative structures was 
originally something else and that the organ has assumed a selective 
glandular function of an eliminative character. It is true that, wherever 
found, excretory organs have another function, m., the regulation of the 
water content of the body, and thus the osmotic pressure of the liquids of 
the body. 'This is accomplished in one of two ways: either through a 
regulation of the excretion of salts from the fluids of the body or through 
a regulation of the elimination of the superfluous water contained within 
the body. It seems to the author entirely possible that the original pur- 
pose of the excretory apparatus was either to regulate the water content 
of the body, whether uni- or multicellular, or to insure the rapid diffusion 
of water through the membranes of the body. Such diffusions would 
provide for constantly renewed supplies of such dissolved substances as 
might occur in the water, including oxygen. The utilisation of the 
outflow of water from the cell as a means of getting rid of wastes may well 
have been at first a secondary matter, but in the higher animals at least 
it has come to have predominant importance. 
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Excretion among Protozoa. — ^The methods employed by the protozoa 
for excreting wastes vary according to the complexity of the animal and 
its habit of life. The forms which are endoparasitic or which are marine 
generally lack special excreting organs, though some of the marine forms 
resemble the fresh-water forms in being supplied with contractile vacuoles. 
These serve as excretory organs — and possibly for other functions as 
well. The endoparasitic and marine forms live in a liquid of fairly high 
osmotic pressure and so are not subject to the same stress of endosmosis 
which characterizes the forms living in the fresh waters. They, therefore, 
do not have the same need for a contractile vacuole as do those forms 
living in less concentrated waters. 

The Contractile Vacuole of Amoeba. — In the case of Amoeba proteus 
the contractile vacuole can readily be seen in the protoplasm of the cell. 
From a very small beginning it increases to a large, clear, spherical 
vacuole, filled with liquid. The liquid of the vacuole is discharged to 
the outside. The vacuoles vary in size in different animals, being gen- 
erally larger in the larger individuals. Even in the same individual the 
vacuole does not always fill to the same degree before discharge, and the 
length of time required for the filling is subject to considerable varia- 
tion. The behavior of the cytoplasm about the vacuole indicates that 
the mechanism of systole is related to surface tension. The reaction of 
the expelled vacuolar contents is acid. When the vacuole is cut off 
from the amoeba, a new one is always regenerated in the remaining por- 
tion, and, in general, the larger the original amoeba, the sooner it is 
regenerated. In larger portions the regenerated vacuole is approxi- 
mately the size of the original, but the pulsation rate is decreased; in 
smaller portions the regenerated vacuole is decreased in size, but the 
pulsation rate is not changed. The volume of liquid excreted by regen- 
erated vacuoles varies, the smaller portions excreting increasingly larger 
amounts in proportion to their size. 

In some protozoa (Ciliata, etc.) the contractile vacuoles appear fairly 
definite and permanent structures, while in others they appear temporary. 
In some forms the contractile vacuoles appear to be formed by the flowing 
together of small drops of watery liquid so as to form a larger drop which 
is definitely separated from the active protoplasm of the body hj a 
membrane; in others (Paramecium) there appear as definite canals with 
constant position through which the liquid pours into a centrally placed 
vacuole having a definite wall. There is no doubt that the contents of 
these vacuoles are extruded to the outside. This is accomplished either 
through a break in the pellicle of the vacuole where it comes into contact 
with the body wall, or through a definite pore (ciliates). The extrusion 
of the liquid can readily be observed by placing protozoa in a rather 
thick suspension of finely ground India ink, when the clear liquid of the 
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vacuole will displace^ at the boundary of the body^ the thick ink suspen- 
sion. Question has been raised as to whether all of the liquid contained 
in the vacuole is extruded to the outside. The evidence available indi- 
cates that all the liquid is so extruded. 

R. A. Young has recently studied in sectioned material the structure 
of the contractile vacuole of Paramecium. He finds that in this form the 
contractile vacuole, its pore, and its feeding canals form a continuous, 
permanent, ectoplasmic structure and that it is not to be considered 
as dependent upon any sol-gel reversibility as has been suggested by 
Taylor in Euplotes. To this may be added the evidence submitted by 
Ruth B. Howland that the excretory apparatus of Amoeba verrucosa and 
of Paramecium is a definite structure. In the latter case it was possible 
to inject the vacuole and its tributary canals with dilute alizarin blue 
and then to dissect it completely from the animal. 

Elimination of Picric Acid. — ^Howland and Pollack also found that if 
a moderate amount of saturated aqueous solution of picric acid is injected 
into Amoeba dubia the course of the solute may be traced by its yellow 
color. In the small percentage of cases where the injected region is not 
pinched off and all the solute is retained, the fluid in the enlarging vacuole 
becomes an intense yellow. Such vacuoles become very flaccid, systole 
is delayed, and a new vacuolation center appears and functions. When 
smaller amounts of picric acid are injected, or when the amoeba rids itself 
of the larger proportion of the solute by pinching off the injected region, 
the vacuole shows no evidence of flaccidity, remaining spherical and 
turgid although its contents are appreciably yellow. It increases in 
size at a rate similar to that subsequent to injections of distilled water 
and finally ejects the yellow fluid. After each systole the collected fluid 
becomes successively paler until both endoplasm and vacuole have 
entirely lost the yellow color. 

The contractile vacuole serves as a means of eliminating not only 
surplus water but also whatever carbon dioxide is dissolved in that water. 
Whether other organic matters are also thrown off in solution remains 
to be seen, though it is claimed that the structure does eliminate some 
nonvolatile substances. 

Nitrogenous Wastes of Protozoa. — ^The nature of nitrogenous excre- 
tory products of Paramecium, Spirostomum, and Didinium was studied 
by Weatherby through analyses of solutions in which the organisms had 
remained for various periods of time. The bulk of the nitrogen excreted 
by Paramecium and Spirostomum is in the form of urea. No excretion 
of ammonia, uric acid, creatine, or creatinine was found. The bulk of 
the nitrogen excreted by Didinium is in the form of ammonia. No urea, 
creatine, or creatinine was found, although in very long experiments there 
was sometimes a trace of uric acid. Uric acid has been found in many pro- 
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tozoan cultures ; but it may have been introduced from the culture medium 
and not excreted by the organisms. Starvation reduces excretion of 
nitrogen to a very low rate. Quantitative analyses of samples of fluid 
removed from the contractile vacuole of Spirostomum by means of a 
micropipette show that only about 1 per cent of the urea excreted is 
eliminated through the contractile vacuole. The function of the con- 
tractile vacuole in Spirostomum, therefore, is not primarily that of an 
excretory organelle. 

Removal of Carbon Dioxide by Contractile Vacuole.— Additional evi- 
dence as to the role of the contractile vacuole in carbon dioxide elimination 
was presented by Ludwig. The amount of oxygen used by Paramecium 
is from 260 to 30,000 times as much as the amount of oxygen present in 
the water contained within the organism at any one time. The oxygen 
consumption thus depends upon a continuous inflow of water containing 
oxygen in solution. The amoimt of carbon dioxide given off equals the 
amount that can be dissolved in the water within the contractile vacuole. 

Rate of Pulsation of Contractile Vacuole. — The rate at which the 
vacuole does its work varies in different forms and under different condi- 
tions. Maupas has shown, for example, that Euplotes patella at 25°G. 
passes through its vacuole to the outside a volume of water equal to the 
volume of the body in 14 minutes, 16 seconds. Paramecium aurelia at 
27°C. accomplishes the same result in 27 minutes, 46 seconds and 
Stylonichia at 24®C. the same result in 20 minutes, 28 seconds. The rate 
of contraction of the contractile vacuole is also influenced by temperature. 
The results obtained by different investigators differ in the temperature 
coefficient found. In general, the indications are that the reactions 
involved are more likely to be physical than chemical in character, though 
some authors speak of the temperature coefficient as being of a value 
similar to those known for chemical reactions. The following figures 
indicate the general character of the results obtained in this line of 
work: 


Seconds between 
Contractions 

Euplotes patella at 5°C 71.6 

Euplotes patella at 10®C 48 

Euplotes patella at 20®C «... 28 

Euplotes patella at 24°C 23.6 

Stylonichia at 5®C 18 

Stylonichia at 10®C. 14 

Stylonichia at 20®C * 6 

Stylonichia at 27'^C 4 
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There is some doubt as to the method of filling the vacuoles. Some 
hold that the membrane about the vacuole is continuous and that the 
water diffuses through this as it W'oiild through any other permeable 
membrane. Upon this supposition it would appear that the osmotic 
pressure of the liquid within the vacuole must be greater than that of the 
liquid outside; therefore dissolved substances, presumably wastes, must 
be present. Carbon dioxide is, of course, present, and it is a substance 
which gives osmotic pressure to the liquid in which it is dissolved. Also 
it is suggested that the rate of contraction of the contractile vacuole is 
related to the rate at which carbon dioxide is produced in the body- — and 
this is certainly chemical in character. It does not seem likely that salts 
are ehminated to any large degree through the contractile vacuoles. 

The contractile vacuoles throw off from the cells, not only water, but 
also a variety of substances soluble in the water passing through the 
cells. It would hardly be expected that the liquid emerging from the 
vacuole would be sufficiently concentrated in dissolved substances of 
any sort to make an analysis of the liquid an easy task. The contractile 
vacuoles surely dispose of the dissolved crystals which from time to 
time are found in and disappear from the protoplasm. There is evidence 
that certain colored substances ingested by the cells are partly dissolved 
in the protoplasm in the vicinity of the vacuoles and the color is dif- 
fused into the content of the vacuole, from which it is then eliminated 
from the body. There is also evidence that under certain conditions the 
content of the vacuole is acid in reaction (wffien stained by hematoxylin). 
This might indicate the presence of carbon dioxide as an important con- 
stituent of the liquid. 

In addition to the work of the contractile vacuoles the protozoa have 
another method of disposing of wastes, viz,, the formation of crystals or 
granules which may remain included within small vacuoles in the proto- 
plasm. Such inclusions have been found in individuals representing 
almost all classes of the protozoa. These bodies are of varying forms, 
are variously distributed throughout the protoplasm, and are possibly 
variable in their composition. Some of the earlier suggestions were that 
they were uric acid or calcium phosphate. The latter suggestion has 
met with the more general approval. The crystals and granules are 
built up during periods of abundant nutrition and decrease during 
periods of starvation. In starving paramecia, for example, the granules 
come to lie directly in the protoplasm instead of being held within vacu- 
oles; they then gather about the contractile vacuoles, finally coming to 
lie very close to the boundary of the vacuole. The crystals decrease in 
size, disintegrate, and their substance disappears. The impression 
prevails that the dissolved material diffuses into the contractile vacuole 
and is thus eliminated from the organism. 
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Howland has found that the murexide test is not generally applicable 
to the detection of uric acid in the protozoa. Benedict succeeded in 
detecting the presence of uric acid in the fluid of Paramecium caudatum 
cultures to the amount of 4 to 5 mg, uric acid per liter by means of the 
Benedict blood-filtrate test. 

■ Excretion among Metazoa. — ^Among the multicellular animals , there 
are to be found, as might be expected, a great variety of excretory organs 
and of excretory processes. In the lower members of this group the 
excretory organs and excretory processes are very little differentiated, 
while in the higher forms the differentiation has reached a high degree of 
complexity. In most cases the excretory organs are specializations of 
coelomic epithelium. In a somewhat sketchy way the story of increasing 
complexity of structure and function will now be indicated, passing 
in review from the simpler to the more complex. 

Sponges and Coelenterates.— Among the sponges and coelenterates 
there are to be found the simplest of the excretory functions. There 
are no especially developed excretory organs to be found within these 
groups, though in some of the higher members of the coelenterates 
certain structures take on an excretory function. 

Superficial Intracellular Excretion. — ^In most cases there is to be 
found an excretion of wastes from the exposed surfaces of the animals. 
Such excretions are, of course, not very readily observed. Nor is it at all 
easy to determine just what substances are eliminated. Cotte has 
determined the fact that ammonia compounds are given off from some of 
these forms, while tests for uric acid, urea, taurine, t 3 n:osine, and leucine 
have, in general, failed. While dissolved wastes may be eliminated by 
diffusion through the various cell membranes, there is little or no evidence 
that such elimination does occur. On the other hand, there is abundant 
evidence of the excretion of waste matters in the form of minute solid 
particles. These particles are not extruded from the surfaces of all body 
cells but are carried to the outside by certain amoeboid wandering ceils 
which are derived from the mesogioea and which, after leaving the body, 
disintegrate and free the excretory matters contained within them. 
Such excretion is referred to as intracellular excretion. This form of 
excretion is typical of such forms as the sponges Grantia and Reniera. 

Storage Excretion. — In Alcyonium, Fraulein Pratt observed that cer- 
tain mesogloeal cells exhibited a phagocytic behavior with respect to car- 
mine grains. She believed that these cells would wander out into the 
gastric lumen and there dispose of their burden of foreign material, but she 
never actually observed that this happened. On the contrary, she had 
seen them round up, lose their pseudopodia, and for a short time at least 
remain within the tissues of the animal. The suggestion has been offered 
that this may be the beginning of sort of localized dorage excretion, in 
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that these deposits of waste substances may remain within inactive cells. 
It can surely be believed that the storage of such materials in a single 
cell — or a stratum of cells or an organ — ^in part of the body outside of the 
direct line of the more active metabolism may serve as a means of remov- 
ing the materials from the more active cells. This process comes to be 
very similar to the storage of crystals and granules in the cells of many 
of the proto2;oa. 

Localized Excretion. — Certain coelenterates show the deposition of 
crystals or granules in very definitely localized areas. This may be 
considered a sort of transition stage between the more generalized and 
not definitely localized condition, described above, and that in which a 
definite glandular separation of waste products may be found. The 
case of Porpita mediterraneum is an illustration. This siphonophore has 
under the border of the central organ a structure completely permeated 
by endodermal canals. This structure appears as a milky-white plate 
and contains a mass of crystals, small needles, and rhombic plates. The 
crystals are deposited in what appear to be ordinary endodermal cells. 
That is, an endoderm is found here, in a very limited locality, which takes 
on a definitely excretory function — ^that of the deposition and storage 
of crystals. The crystals have been thought to be guanine. Whether 
this is true or not, it is certain that some end product of metabolism, and 
therefore of excretion, has to be dealt with. 

Glandular Excretion. — ^True excretory organs appear among the 
Hydromedusae and Discomedusae. Among the Hydromedusae there 
are found excretory pores opening from projections which occur on the 
subumbrellar portions of the bases of the tentacles. These pores lead 
back to the marginal canal, and through it to the radial canals, and 
through these last to the stomach cavity . There is thus made a connection 
between the stomach and the outer medium. These pores do not, how- 
ever, function as anal openings but carry off to the outside pigmented 
granules and concretions of a waste character formed in certain special- 
ized endodermal cells lining the canals. 

Somewhat similar structures are found also among the pneumato- 
phores. It will be recalled that in these animals there is a great division 
of labor on the part of the individuals composing the colony, so that some 
serve as floats, some as motor organs, some as feeding individuals, some 
as protective structures, some as sensory structures, etc. The cavities 
of the so-called tentacles are in communication with the gastric cavities 
of the nourishing individuals. The main portion of the tube is shut off 
from the terminal portion which bears an excretory pore. Through this 
pore excretory matters are thrown off, hence Bedot proposes to consider 
the tentacles as the excretory individuals of the colony — although they 
doubtless have other functions to perform. 
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■ Excretion among Echinodermata. — The body fluid of the ecMnoderms 
is very similar to sea water. It contains salts in solution, but little or no 
protein except that found in the cellular elements of the coelomic fluid. 
This fluid must of necessity receive various end products of metabolism, 
and while such substances naturally occur in small amounts because of 
the slow rate of metabolism, there have been found small amoimts of urea 
or some closely similar substance in the coelomic fluids of Ai’bacia, Stron- 
gylocentrotus, Echinus, Sphaerechinus, and Holothiiria. The amounts 
of urea found are very small, being of the order of 2 to 4 mg. per 100 ce. 
of coelomic fluid in the sea urchin, and 1 mg. per 100 cc. of fluid in 
Holothuria. In addition to this there was found in the sea urchin 5 mg. 
of some nitrogenous substance per 100 cc., which was thrown off by 
centrifuging the liquid, an amount 2 mg. in excess of that existing in the 
sea water. 

The disposal of excretory materials may occur in one of the following 
ways; 

1. By diffusion through respiratory or digestive membranes or, in 
some cases, superficial epithelium. 

2. By intracellular excretion. 

3. By storage. 

Excretion by Diffusion. — ^There are no true excretory organs among 
the echinoderms hence excretion must be largely by diffusion. It 
would certainly be natural that, in those forms which are possessed of 
such elaborate skeletal frameworks, excretion should occur through those 
structures which also provide for gas exchange. In the different groups 
of the echinoderms these are: (1) respiratory papillae (starfishes); (2) oral 
branchiae (sea urchins); and (3) respiratory trees (holothurians). All 
these structures involve coelomic epithelium as one element of their 
structure. 

The respiratory papillae of the starfishes are hollow structures, like 
the fingers of a glove, which project from the surface of the animal. 
They are composed of two layers of epithelium, the outer or superfiicial 
ectoderm and the coelomic epithelium inside of it. Between the two 
layers of epithelium there are also connective-tissue cells and muscle 
fibers which make it possible for the organ to expand and contract. By 
means of this structure the coelomic fluid is placed in close approximation 
to the sea water, and diffusion of gases in either direction — ^and also of dis- 
solved substances — ^is made easy. These papillae are also provided, on 
their inner surfaces, with cilia which have the power to keep up a con- 
tinuous circulation of fluid within themselves — and also in the coelomic 
cavity. The oral branchiae of the sea urchins are somewhat more elabor- 
ate structures and limited in thar distribution to the oral membrane, but 
have fundamentally the same arrangement of tissues. They are much- 
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faranchedj hollowed-out growths from the oral membrane and connect 
through the periesophageal sinus with the coelomic cavity. The 
respiratory tree of the holothurians is an entirely different structure — so far 
as origin is concerned — ^from those just mentioned. It is a very much 
enlarged and branched diverticulum from the cloaca. This contracts 
and expands rhythmically and takes in and expels water through the anus. 
In all of these animals it is to be noted that there is the same fundamental 
arrangement of tissues separating the sea water from the coelomic fluid — 
two layers of epithelium having between them a basement membrane 
made up in part of connective tissue and muscle cells. It seems to 
the author a matter of some significance that this type of structure per- 
sists throughout the whole animal kingdom as the fundamental structure 
of a gland. 

Through this respiratory membrane may occur not only the diffusion 
of soluble matters but also an elimination of solid particles and cellular 
elements, although Henri and Lalou claim that the membrane supposed 
to be involved in osmotic interchange is permeable only to water and not 
to substances in solution. In addition to the membranes of the respira- 
tory organs there is also the lining epithelium of the alimentary tract 
which doubtless also acts as an excretory organ. 

Intracellular Excretion. — Durham showed that when India ink is 
injected into the body cavity of the starfish the numerous amoeboid cells 
of the coelomic fluid act as phagocytes and ingest the ink particles. 
They then wander out into the cavities of the respiratory organs where 
they coalesce into large masses, and finally with their enclosed burden of 
granules are cast out through the membranes of the respiratory papillae. 
This form of elimination is common to the stari&h, for it is found that 
even in individuals which have not received any injections of foreign 
materials there is an abundant elimination of colored granular matters 
derived from normal metabolism and which have come to be included 
within amoeboid cells. These are cast off through the respiratory 
papillae and appear in the mucous covering of the body. 

Similarly, the echinoids show a process of intracellular excretion. 
Wandering cells collect granules of yeUow-brown material and then 
migrate to the oral branchiae, where they become massed at the outer 
ends of the gills or deposit their granules just beneath the outer epithe- 
lium of the giU. The waste matters are then extruded through the epi- 
thelium of the gill. 

Among the holothurians a very similar process takes place. Here 
the intracellular process occurs m the wall of the so-called respiratory 
tree. The branched lumens of the respiratory tree show an unusual con- 
centration of yellow-brown granules and similar granules are found also 
in wandering cells located in the wall of the respiratory tree. Such cells, 
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taken at tiie instant of elimination, form remarkable projections on the 
tree epithelium and are easily found in the water forced out from the 
respiratory tree during its rhythmic contractions. This form of activity 
was first demonstrated by Schultz, who saw amoebocytes of the coelomic 
fluid containing India ink collect at the peritoneal surfaces of respiratory- 
tree chambers, thence collect under the epithelium, fuse into large plas- 
modial masses filled with ink and excretion crystals, which then wander 
through the epithelium, finally to emerge into the lumen of the respiratory 
tree. This process goes on with considerable rapidity. In one case all 
the ink injected has been eliminated within 10 hours. While the process 
described is one artificially induced, it seems to follow the course of a 
perfectly normal process. 

Intracellular excretion also takes place through the genital organs and 
their ducts. This is especially noticeable during the breeding season, 
when it is possible to find, in ovaries and testes of the sea urchin, cells 
which contain large masses of pigmented matter (presumably of an excre- 
tory nature). These granules come into the lumen of the organ from 
the coelom., passing through the epithelium forming the wall of the duct. 
It appears that these granules are enclosed in amoebocytes and that it 
is through the activity of these amoeboid cells that the excretion granules 
are moved about from place to place. 

Very little trustworthy information exists concerning the chemical 
nature of the substances excreted by the echinoderms. The statements 
of different investigators are sufficiently contradictory to make it seem 
probable that they were not all dealing with the same substances. For 
example, Durham was convinced that the mucus from the end of the 
starfish arm contains no urea or urates. Schultz came to the same 
conclusion in regard to the crystals eliminated by the respiratory tree 
of the holothurian. On the other hand, Bordas found evidence that in 
the terminal ampullae and outer passages of the respiratory tree there are 
crystalline deposits which give reactions characteristic of urea and urates. 
Such depositions must have occurred as the result of diffusion of dissolved 
substances through the respiratory epithelium and the subsequent 
crystallization of this material. 

Storage Excretion. — ^Among the sea urchins and the holothurians 
not all of the excretory matter diffuses through the superficial epithelium 
or through the walls of the respiratory organs. There is a definite accu- 
mulation of excretory material in the body. Granules and crystals of 
a brownish-yellow color occur either within the cells or lie free in the 
intercellular spaces of the body tissues. They are especially abundant 
in the subcutaneous connective and lacunar tissues, mesenteries, water- 
vascular system (particularly the Polian vesicles), and axial organ. The 
axial organ has been referred to by various authors as a heart, kidney, 
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special gland (ovoid gland), and lymph gland. The last suggestion may 
be the best. Kowalewsky observed that when carmine is injected into 
the coelom of Echinus or Strongylocentrotus the ovoid gland becomes 
thickly filled with the injected substance. It might be suspected that 
the organ is excretory in character, but for the fact that it has no duct, 
unless the idea is accepted that it may serve as a focus of excretion storage. 
This may be true in the echinoids but is less likely to be true among the 
Asteroids. 

The excretion granules and crystals are not formed in the places 
where they are found to be stored. They are transported to these 
localities by means of certain specialized amoeboid cells known as nephro-- 
cytes or athrocytes. These cells have the power to collect soluble wastes 
from the coelomic fluid or from the fluid in the water-vascular system. 
These wastes are carried as liquid in vacuoles or as crystals or granules 
within the cytoplasm to some point of intracellular excretion or to some 
storage point. Certain of the nephrocytes or athrocytes appear to have 
a tendency to collect specific substances. Thus, there are certain athro- 
cytes which, under experimental conditions, collect carmine grains, 
others which collect indigo, etc. Some stationary cells, found in various 
parts of the body, have a similar power to absorb or ingest and store 
foreign matters. The existence of such cells in the walls of the alimentary 
tract in all classes of echinoderms makes plausible the suggestion that the 
alimentary tract or some part of it may serve as an excretory organ. 

The accumulations of crystals and granules vary greatly in size, 
some being very small, others measuring several millimeters in diameter 
(the size of a pea). 

The chemical nature of the deposits has not been determined, although 
numerous studies have been made. They do not respond to tests for 
guanine or xanthine and are insoluble in cold acids and in cold and hot 
alkalies. 

Nitrogenous Excreta of Echinodermata. — Biochemical researches on 
the nitrogenous excretion of the echinoderms Asterias rubens, Paracen- 
troius UviduSf and Holothuria tubulosa hsbve been made by Delaunay. 
Analyses of the sea water in which these echinoderms have been kept 
24 hours show the presence of soluble nitrogenous constituents similar 
to those m the body fluids, but in such small quantity as to suggest that 
nitrogenous waste products are excreted mainly in an insoluble or slightly 
soluble form by way of the intestine. The partition of the nitrogen 
excreted into sea water shows that the greater part is accounted for by 
the formaldehyde titration (ammonia + amino acid nitrogen), that the 
ammonia-nitrogen fraction is much greater than the amino-nitrogen 
fraction, and that urea-nitrogen and purine-nitrogen form a small per- 
centage of the total* ; In the body fluids the nonprotein amino-nitrogen 
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content is mucli greater than the ammonia nitrogen, suggesting that the 
latter is excreted much faster than the former, and that therefore the 
manner of excretion is not a simple diffusion. Uric acid has been found 
in the body fluids, but accounts for less than 1 per cent of the nitrogen 
excreted into sea water. The nitrogenous waste products appear to be 
formed principally in the digestive organs, the radial caeca of Asterias, 
and the intestines of the other two species. Hence it is concluded that 
they are by-products of the reactions which transform nitrogenous food- 
stuffs into sexual products. 

Excretion among Worms. — ^Most worms possess some form of 
excretory apparatus. Exceptions to this general rule occur among the 
turbellarians, nematodes, and a few of the polychaets and oligochaets. 
As a class, the worms exhibit remarkable variations in form, size, and in 
the degree to which organic differentiation has taken place. In no system 
of organs is this variability more emphasized than in the excretory organs. 
Any account which may be given in a work of this kind is of necessity 
far from adequate. Attention, however, will be called to certain condi- 
tions which are, in a way, characteristic of the group. 

An excretory system is fundamentally a structure designed for the 
elimination of wastes and for regulating the water content and the salt 
content of the body. These activities may involve elimination and a 
subsequent selective resorption of materials which have passed through 
the eliminative structure, so that the material finally passed off from 
the body has quite a different composition and concentration from that 
which originally appeared in the tubules of the excretory system. Among 
the fresh-water protozoa, the eliminating system has become well devel- 
oped, but apparently no provision is made for the resorption of dissolved 
materials which might be of value to the animal. 

Among the worms and higher forms a system is developed which, 
aside from providing for the elimination of liquid wastes, has associated 
with it a mechanism for the resorption of water and, possibly, a mecha- 
nism for adding to the liquid certain waste matters as it passes outward 
through the tubules. 

All organs having an excretory function possess an epithelium having 
its proximal face directed toward a body fluid containing wastes and its 
distal face directed toward some conducting, resorbing, or retaining space. 

This epithelium, which may be uni- or multicellular, is primarily a 
filtering or diffusing mechanism. No filter or diffusion membrane can 
work to advantage unless the pressure of liquid or of some constituent 
of it is greater on one side of the membrane than on the other. This 
difference of pressure may be hydrostatic— the pressure due to the con- 
traction of muscle in the walls of blood vessels — or it may be osmotic — 
the pressure due to differences in the concentration of dissolved molecules 


480 


TEXTBOOK OF COMPARATIVE PHYSIOLOGY 


on the two sides of the membrane. In any case there is the tendency 
for diffusion or filtration to occur from regions of higher to lower pressure 
or concentration. Also, associated with the purely physical filtration 
or diffusion process, there may be a definite secretory process involving 
the expenditure of energy upon the part of the protoplasm of the cell. 

Table 63. — Coehelations Between Ciectjlatoet and Exceetoet Appaeatus 


Collecting fluids 


Circulatory apparatus 


Excretory apparatus 


Forms having an inter- 
cellular hydrolyniph 
which washes freely 
through the body 
parenchyma 


Coelomic fluid 


Coelomic fluid kept in motion 
by body movements. Fluid 
of vascular system propelled 
i by contractile vessels 


Elaborate systems of arteries, 
capillaries, and veins, filled 
with the rapidly circulating 
fluid. Intercellular and 
coelomic fluids reduced to a 
minimum 


Tubular or sac-like organs. 
Tubules often much 
branched and completely 
closed at inner end. Ter- 
minal cells (flame cells) 
at ends of tubes act as 
secreting cells. Canals and 
collecting tubes intra- or 
intercellular 

Unbranched nephridia, some- 
i times segmentally arranged, 
which may be closed or 
provided with open nephro- 
stome funnels. Tubules 
variously curved, and com- 
posed in part at least of 
glandular cells 

In higher forms terminal 
plexuses of capillaries press 
into closed ends of nephrid- 
ial tubules = glomeruli or 
Malpighian corpuscles. 
Nephridial tubules provided 
with capillary system 
In higher vertebrates kidney 
is specialized out of nephrid- 
ia, and designed to collect 
and remove urea and urates 
from the blood. Tubules 
serve in part as resorptive 
organs 


There is little evidence of outward selective diffusion through the 
membrane — except in the fact that certain substances such as albumin 
and sugar do not normally pass through the membrane in any consider- 
able amounts. 

\ The particular foraa. which is assumed by the filtering mechanism 
varies from group to group of finals, depending to some extent upon 
the character of the liquid feathing the proximal surface of the membrane, 
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whether it ^ be hydrolymph, lymph, or blood from which the wastes are 
to be eliminated; varying also because of' the differing demands made 
upon the apparatus in different animals, in some being merely the 
elimination of liquid wastes, in others involving the elimination of some 
insoluble matters as well. ■ In some .forms the organs are single cells; 
in others they are complex multicellular structures. Great variations'' 
occur also in the degree of elaboration of the glandular (secretory, as 
opposed to filtration) mechanism and activity of the organ and the pro- 
vision m-ade for resorption. From- the simple solenocyte cell of the worm 
to the highly complicated tubular kidney structure of the mammal may 
seem to be a long jump, but in reality the two are much alike and appar- 
ently work in the same functional way. 

Attention should be directed to an apparent 
correlation existing between different types of excretory: 
systems and circulatory fluids and systems, as shown 
in the table on page 480. 

Arrangement , of Excretory Organs among the 
Worms —Among the lower worms the tubules of the 
excretory apparatus ramify throughout the whole of 
the body parenchyma (Fig. 87), and bring all parts 
of the body in rather close relations with the terminal 
cells through which filtration takes place. Such an 
arrangement is necessary because of the inadequate 
means provided for keeping the body liquid in 
movement. 

Among the segmented worms the excretory organs 
are segmentally arranged. Sometimes there is one 
pair of nephridia to a segment, sometimes more. Each segment of the 
worm may be thought of as a unit so far as the excretory function is 
concerned. It collects its own wastes and carries them to the outside of 
the body. In this connection it should be kept in mind that in such 
forms as the earthworm the funnel of the nephridium is in the segment 
anterior to that in which the major portion of the tubule lies. 

Types of Filtering Mechanisms. — In a previous paragraph it was 
mentioned that rapid diffusion or filtration is facilitated by a difference 
of pressure upon the two sides of the epithelial membrane. Other 
physical factors than pressure may also be involved in this process. The 
epithelium which is the responsible agent in the filtration process may 
assume one of a considerable variety of forms, depending upon the animal 
group in which it is found. It may be unicellular, as in the flatworms, 
or multicellular, as in the segmented yrorms and animals higher in the 
animal scale. Among the: flatworms the, excretory system consists of 
fine branching tubules each of which ends in a terminal cell There is 



canal system of a flat- 
worm. 
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considerable variation in the extent to which these terminal cells are 
developed. Figure 88 represents the structure of a typical form. It 
will be noted that this cell is apparently a hollow, conical, or p^’xamidal 
structure, having its broad basal end (sometimes provided with branching 
processes) lying free in the hydrolymph which washes all through the 
body parenchyma. This broad basal end of the tubule really represents 
the membrane through which diffusion takes place. The surface of the 
cell exposed to the coelomic fluid represents the proximal surface of 
the membrane. The so-called flame chamber of 
the cell really represents the distal surface of the 
membrane and not a cavity within a cell. The 
cilia which occur in the chamber are cilia on 
the distal surface of the membrane, or excreting 
cell, and their function is to propel from the sur- 
face of the cell, as rapidly as it appears, any 
liquid which may diffuse through the walls of 
the cell. 

Types of Arrangement of Excretory Surface. 
It is but natural to expect that with increased 
complexity of animal structures, in passing in 
review from the lower to higher forms, there 
should be noticed a marked variation in the 
Fig. 88.— Flame cell, a, character of the excreting membrane, that 
pS“to cell membrane which lies between the circulating 

fluid of the body and the outer medium. Some 
of the conditions found are shown very diagram- 
of matically in Fig. 89. The term refers 

to the surface of the membrane exposed to the 
body fluid. The term distal refers to the surface exposed to the outer 
medium. In A there is represented the condition existing in any animal 
in which the general body surface serves as the membrane of elimination. 
In B there is shown the condition characteristic of the echinoderms. 
Here, it should be pointed out, is a case in which there is no real separa- 
tion between the functions of excretion and respiration. The so-called 
respiratory papillae, pushed from the body surface into the sea water, 
serve as well for the elimination of wastes as for gas exchange. In C 
there is shown the condition existing among the insects, in which diver- 
ticula from the intestine, in the form of elongated simple tubes, serve 
' as organs of elimination, passing the matters to be excreted on to the 
digestive tract for final elimination, : In D there is shown the condition 
found in the lower worms, where the so-called w'ater-vascular system 
; carries off from the body such substances as are able to diffuse through 
th6"'flame cells -into , the ;tubuIe:^;:^^^ shown a modification of 


processes; c, flame chamber, 
formed by invaginated distal 
surface of cell; d, cilia form- 
ing “flame”; e, wall 
tubule; /, lumen. 
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flame-cell type of structure, in which a number of flagellated solenocyte 
cells allow water to diffuse through them into a common chamber and 
so to be eliminated. In F there is shown a condition found among some 
of the annelids, in which the nephridial tube, provided at its coelomic 
end with flagella, is open to the coelomic fluid. Here the liquid passes 
without hindrance out through the tubule. In G is shown a further 
development of the open tubule. The open end of the tubule in the 
coelom has become expanded into a large ciliated funnel which serves 
as an admirable collecting organ not only for liquid, but for minute detri- 
tus. In this type of nephridium the tubule may become very much 
elongated and glandular (a feature not shown in the diagram). In H 



Fig. 89. — Types of excretory surface (for description see text). 


there is illustrated a sort of transitional stage between that of the open- 
funneled condition and that existing in the kidney of the higher animals. 
The nephrostome is not only open to the coelomic fluid and provided 
with cilia so as to draw in coelonaic fluid, but there is in addition a glomer- 
ulus of the blood-vascular system brought into close relations with the 
open funnel. Such an arrangement provides for diffusion of liquid 
from the vascular stream and the taking up of that fluid by the nephridial 
tube. In I there is illustrated the condition existing in all of the higher 
animals, in which each nephridial tube has its proximal surface expanded 
into a flask-like chamber and then invaginated so as to form a large inner 
space surrounded by two thin walls. Into this large inner space there 
is inserted a glomerulus or tuft of capillaries. From these capillaries 
water and dissolved salts, etc., are able to diffuse into the cavity of the 
capsule, which leads directly , into the tubule of the nephridial tube. 
Here again the character of the tubule is not indicated in the sketch. 
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The wall of the tubule is, for a great part of its length, composed of 
glandular cells, whose special work is to resorb from the tubule water 
and such substances contained in the water as may be needed by the 
organism. 

In some cases there is a combination of two of these elementary types 
in the make-up of a Iddney structure. For example, the kidney of the 
frog contains structures of the F and I forms. In this case the P portion 
empties, not into the F tubule, but into one of the veins which permeate 
the structure of the kidney. In some other forms both tubules have a 
common duct. 


Fig. 90. — A. Nephridium of Scalibregma infiatum^ B. Section through nephrostome 
of Trypanosyllis, C, Solenocyte apparatus of Phyllodoce Paretti. ng^ nephridial canal; 
nst^ nephrostome; p, nephridiopore; s, septum; soZ, solenocyte cell; Z, solenocyte tube. 


A very interesting modification of the flame-cell structure is found 
in the so-called solenocyte. Here the excretory tubule ends in a closed 
cavity or terminal chamber, through the end wall of which project tube- 
like extensions of several ceUs, each of which is provided with a single 
large flagellum which reaches down through the length of the tube and 
vibrates freely in the liquid contained within the chamber (Fig. 90C). 
In some cases the solenoc3die cells are exceedingly numerous. Here the 
lashing of the flagella in the tubes and in the chamber tends to propel 
any contained Hquid toward the distal end of the tube and thus lowers 
the pressure in the terminal chamber and solenocyte tubes. This lower- 
ing of pressure makes it possible for more liquid to diffuse through the 
cells into the tubes and into the chamber. 

Hephridia of Nemertean Worms. — ^The nephridial system of the 
nemerteans of the genus Cephalothrix differs from those of all other 
nemerteans in being composed of numerous independent nephridia, each 
of which consists of a multinucleate,; ciliated, funnel-shaped end organ 
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(nephrostome), leading from a minute space in the body parench3rma 
through a thick-walled convoluted tubule and thence to the exterior 
of the body by means of a slender efferent duct. Such metanepliridia 
resemble those of the annelids much more closely than they do any of the 
protonephridia found in the other nemerteans. The convoluted tubule 
appears to be homologous with the main longitudinal canal characteristic 
of most nemerteans, and the minute spaces connected with the nephro- 
stomes doubtless represent the otherwise absent coelomic cavity. 

Nephridia of Oligochaete Worms —Among the higher worms, 
in the earthworm, the nephridial tube opens at its inner end through a 
ciliated funnel, the nephrostome, into the coelomic cavity. There is a 
great deal of variation in the structure of the nephrostomes in different 
forms (Fig. 90A, B), some being simply the open ends of the nephridial 
tubes provided with flagella; others are quite complicated structures, as 
in the earthworm Lumbricus. In these forms in which are found the 
open-ended tubules, filtration and diffusion are not the factors depended 
upon for filling the tubule with liquid. The water currents set up and 
maintained by the flagella or cilia cause the flow of water in the tubes. 

As the nephridial tubes of different forms are examined, there arises 
the question as to why so long a tubule as is frequently found should be 
developed between the nephrostome or flame chamber and the outer 
opening of the tubule upon the body surface. If the function of the 
nephridial tube is simply to reduce the amount of water in the body, a 
nephridium provided with a short tube between the part which takes up 
the water and that which gives it off would suffice. If, however, the 
tubule itself plays some part in the work of excretion, it might well need 
to be quite elongated. 

The nephridium of the earthworm is one in which the tubule becomes 
greatly lengthened. The form of the nephridium of the earthworm is 
well shown in Fig. 91. While in some of the lower forms the nephridium 
consists of a nephrostome and neck, a middle piece, and an excretory pore, 
in the earthworm it becomes a much more complicated organ. There is 
here a nephrostome (Fig. 92) which leads into a narrow, thin-walled, 
looped canal; then a thicker-walled, ciliated loop. The ciliated cells of 
the thicker-walled loop are filled with yellowish or brownish granules. 
This section of the tube ends in an ampulla. Out from the ampulla 
leads a glandular tube which leads into the so-called rod canaL The 
name rod canal comes from the presence of rod-like structures in the 
bases of the cells forming this portion of the tubule. This section of 
the tubule finally empties into a broad bladder-like terminal portion. 
The construction of the muscle fibers forming the wall of the bladder por- 
tion shuts off the end of the rod canal and so prevents the liquid from 
passing backward along the tubule. 
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With regard to the funetion there are three possibilities : 

1. It may serve simply as a conducting tube. 

2. The cells of the tubule may remove something from the filtrate 
as it passes down the tube. 

3. The cells of the tubule may add something to the filtrate. 

The fact that the cells of the tubules are histologically very much 
like the cells composing the wall of the kidney tubules of the vertebrates 
indicates the possibility that there may be a similarity of function. 


Fig. 9X. Fig. 92. 

Fig. 91. — Nephridium of Lumbricus sp. c, first ciliated canal; /, funnel; dis, dissepi- 
ment; gLc., glandular canal; Z.c., loop canal; p, passage of loop canal into second ciliated 
canal; second ciliated canal; amp.y ampulla; bl, urinary bladder. (Ac. Benham, from 
Schn&ider.) 

Fig. 92. — Funnel of nephridium of Lumbricus, c, ciliated cells of funnel; nucleus; /, 
funnel; p, peritoneum; U tubule. 


It is well known that the tubules of the vertebrate kidney have a glandular 
activity. 

Rate of Excretion. — The rate of streaming of the nephridial content 
and of the emptying of the end bladder varies widely in different forms. 
The pressure necessary to keep the fluid in motion comes from the 
activity of cilia or flagella or, in the leeches, from the contractions of an 
inner circular muscle sheath. The amount of liquid passed through the 
nephridia of the different forms varies greatly. In some of the Rotifera 
an amount of water equal to the weight of the body is passed through the 
nephridia in the course of a few mniutes, while the movement of the 
liquid in the annelids is incqmparaWy slower. In fact, the period of 
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retention of the urine is so long, in some cases, that some observers have 
concluded that the nephridial pores are definitely blocked. Cueiiot, 
however, concluded that the nephridial content is voided at least once in 
3 days. The great length of the nephridial tubules in the annelids 
and their fine bore bring about a high capillary resistance, causing the 
streaming to come almost to a standstill — and undoubtedly would cease 
were it not for the ciliary activity within the tubule. 

Functions of Different Parts of Nephridia* — It is very generally 
conceded that the terminal cells, flame cells, solenocytes, etc., are the 
structures primarily concerned in the elimination of water, in the forms 
in which they occur. In the forms in which the proximal ends of the 
nephridial tubes are open to the coelomic fluid, there is no question as to 
how water, dissolved salts, and even granules may enter the tubule. 

There are found in the terminal cells, flame cells, etc., colorless liquid 
drops or vacuoles and variously colored granules similar to those which 
appear in the content of the tubule. Among the lower worms the cells 
forming the walls of the tubules are thin and give little indication of any 
other than a conducting function, so they may be eliminated as possible 
manufactories for excretory substances. Variously colored, yellow, 
brown, or black granules, sinoilar to those found in the nephridia, occur 
in the cells of the body parench 3 rma as well as in the terminal cells; 
hence it may appear that the granules may be passed on directly from 
the parenchyma cells to the terminal cells, possibly through the cell 
processes of the latter, and then be eliminated. Such a passing of gi'an- 
ules from cell to cell is not at all uncommon among the lower forms. 
Or it is possible that the granules may be manufactured in the terminal 
cells from the liquid material which passes through them, and these may 
then be passed on through the tubules for final elimination. 

Among .the annelids there is a somewhat more complicated condition. 
The liquid entering the proximal end of the tubule, either through the 
solenocytes or the open funnel, is water containing substances in solution. 
Solid particles may enter the open funnel in the coelomic fluid, but there 
is little, if any, evidence that the solid excretory granules are formed in 
solenocyte cells. The body fluid of some worms contains solid protein 
matter of value to the animal (Cuenot). Such material runs the chance 
of being lost unless the cells of the tubules may have the power of resorb- 
ing material as it passes by them. There is evidence that some of the 
cells of the tubules act as phagocytes and so may pick up and save for 
the organism solid matters of valuer The ability of the tubule cells to 
take up solid particles does not also indicate ability to build up solid 
particles out of dissolved materials, Botazzi has demonstrated by the 
freezing-point method the probability of the absence of albumin and other 
soluble proteins from the fluid contamed within the tubules, which in 
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marine forms has the same freezing point as the sea water in which the 
animal .lives, ' 

The solenoc3rtes and the cells of the nephrostomes always lack 
colored enclosures and probably play no part in the handling or elaborat- 
ing of excretory matters. The glandular portions of the nephridial tubes, 
whether open to the coelomic fluid or not, however, have their cells regu- 
larly filled with solid and liquid enclosures. There appears to be no 
doubt in the minds of those who have made the investigations that these 
enclosures, vacuoles, granules, etc,, are excretory material and that these 
substances are finally pushed out from the cells into the lumen of the 




Fig. 93. — A, Merocrine excretion precursors in cells of coelomic sac. a, Galathea; 
hr Cr dr iobstor; V, vacuole; gr. spherical granular mass; gl, free excreted ball; cr, crystals. 
B. Holocrine excretion precursors in coelomic sac of Calappa granulata. cep, epithelium of 
coelomic sac; lep, epithelium of labyrinth; Ul, blood lacuna. 

tubules, from w^hich they are eventually eliminated. Two methods by 
which excretory substances may be thrown off from the walls of the 
nephridial tubes have been suggested: (1) merocrine excretion, in which 
the gland cells give off to the lumen only the secreted substance (Fig, 
93A), and (2) holocrine excretion, in which the secretion is freed by the 
breakdown of the whole protoplasm of the cell in which it lies (Fig. 
93 J5). Of these, the first is the more general. In either case the 
materials are carried into the vehicle stream and soon pass to the exterior. 

There seems to be no doubt in the minds of those who have studied 
excretion among the worms that the cell enclosures mentioned above are 
formed from material which is in solution in the circulating fluid of the 
body. The amounts of these substances in the coelomic fluid are so small 
that they cannot be detected by ordinary chemical analyses. 

The cells of the nephridial tubules which do the work of collecting 
and concentrating the excretory materials have an activity similar to 
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that of the athrocyfes of the echinoderms. They are cells which have the 
power to take in from the coelomic fluid waste matters, solid or liquid, and 
to deposit them within themselves as drops or granules. Also there are 
wandering, phagocytic cells which pick up wastes from the coelomic fluid 
and carry them to the tubule cells which later excrete them. 

Excretophores. — -In addition to the nephridial tubes there are other 
structures in the annelids which have the power to take up dissolved 
wastes and to collect them into semiliquid or solid masses. Such struc- 
tures are known as excretophores. While these structures vary much 
in form and in location in different worms, they have the following char- 
acters in common: 

1. They originate from the coelomic epithelium. 

2. They build up the material of their enclosures from substances cir- 
culating in the blood (coelomic fluid). 

3. They sooner or later are cast off into the coelom. 

Sometimes the excretophores are found within the walls of the blood 
vessels, in which case they are spoken of as intravasal excretophores; 
sometimes they are outside the blood vessels, in which case they are 
called extravasal excretophores. Them are many forms among the 
annelids w^hich possess intravasal excretophores, in the form of bands 
or strings of cells in the dorsal blood vessel or heart and which are com- 
monly knowm as heart bodies. These heart bodies may be specialized 
glands (sometimes referred to as hemoglobin factories), or they may play 
a part as mechanical valves for directing the course of the blood stream. 
The fact that these bodies have also an excretory function is shown by the 
wealth of their granular enclosures, and by the fact that the bodies 
are neither protein, carbohydrate, nor fat. Also the cells composing the 
excretophores have, in general, the character of athrocytes. The con- 
crements formed in the cells of the excretophore do not long remain there 
but soon escape to the blood stream, in which they are carried to the 
nephridia. Here they are eliminated. 

Extravasal excretophores occur fully as frequently as the intravasal 
among the polychaets, and among the oligochaets they are most common. 
They take the form of more or less hypertrophied peritoneal cells which 
cover the outer walls of certain of the larger blood vessels and at times 
are so massed as to give the appearance of being special organs. They 
are filled with strongly refracting, yellowish or darkly colored granules. 
Also spreading from the blood vessels they may come to surround, not 
only the dorsal blood vessel, but also the whole of the stomach intestine, 
as is done by the chlorogogue cells of the earthworm. Even here the 
inner ends of the cells come into close relations with the blood vessels 
(Fig. 94), The chloragogen tissue was for a long time thought to be 
involved in the production of digestive enzymes, but this idea was dropped 
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when it was seen that there is no way for such a secretion to be poured 
into the intestinal lumen. Cuenot looked upon the chloragogen tissue 
as one for the temporary storage of protein. Timm; Kukenthal^ Grobben, 
Kowalewsky, and others of later date hold that the chloragogen is an 

excretophore tissue and that the granules seen 
in the ceils are excretory material. The 
chloragogen cells are easily broken loose from 
their attachments and may be carried about by 
the currents of the coelonoic fluid. Later, they 
may again become attached and reestablished 
as fixed cells. The cells are large, have a clear 
protoplasm and contain vacuoles and granules 
of varying sizes, colors, and numbers. 

The botryoidal (like a cluster of grapes) 
tissues of certain of the worms and the highly 
modified peritoneal cells covering the mesen- 
teries and the fore- and hind-guts among the 
gephyrean worms are evidently of the same 
general sort and serve as excretory structures. 

The chemical nature of the substances con- 
tained within the excretophore cells is similar 
to that of the bodies found within the nephridial 
cells. The yellow granules are largely guanine, 
while the kidney-shaped bodies and membrane- 
like inclusions are chitin. In the leeches and 
sipunculids the botryoidal tissues have been 
shown to contain urates. W 
nature of the substances thrown off by the 
excretophore cells has not been fully investi- 
gated, it is stated that it is, in general, essentially 
Fig. 94.-~~Piece of longitu- the same as that of the bodies which appear in 
dinal section though waU of ceUs of the nephridia of the same animal. 
brims, showing two groups of Fate of Excretophore Substances. — Sooner 
oUoragogea cells, at., stailm qj. later the enclosures of the excretophores 

of oMoragogen cells; ZTO.,longi- i ,i , , , 

todinai muscle fiber; cm., reach the body cavity. This IS accomplished 
circular muscle fiber. jjy. disintegration of the excretophore 

cells and the scattering of their contents in the coelomic fluid, (2) by 
throwing off the outer ends of the excretophore cells and so scattering 
the enclosed granules, or (3) by dislodging the cells which for a time lead 
a separate e^tence in the coelomic fluid. 

In either of the two latter chses the cells soon suffer a cytolysis and 
the enclosed granules become , scattered, sometimes being noticeably 
altered in appearance, sometim^ even being broken up into fine detritus. 
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At other times the destruction of the granules is not completed until 
they have been removed from the coelomic fluid. The phagocytic 
corpuscles of the coelomic fluid serve as a means of transport. They 
ingest the particles found in the coelom, whether they be cells, cell frag- 
ments, or granules, and carry them to some point of elimination or 
storage. 

The amoeboid cells of the coelomic fluid are highly phagocytic. Any 
foreign particles introduced into the body cavity of one of the higher 
free-living worms are quickly taken up by the blood cells. India ink, 
carmine grains, etc., as well as particles formed -within the organism, 
quickly become stuck to the surface of the leucoc 3 rtes, are drawn into 
the ectoplasm, and then into the endoplasm of the cells. Large particles, 
too large for a single corpuscle, wilh be attacked by numerous ceils and 
finally be encapsuled by a slimy mass. At times the amoeboid cells take 
up matter which had been formed within chloragogen cells but had been 
cast into the coelomic fluid. These amoeboid cells charged witii excre- 
tory substance, come to be wandering cells. 

There are also lymph cells sticking firmly to the coelomic wall which 
have phagocytic powers. Such cells, after having taken up particles 
from the coelomic fluid, may become free and pass through a history 
similar to that of ordinary lymph cells. One of two possible destinies 
confronts these wandering cells and their excretophore content. 

1. In many of the worms these wandering phagocytes and lympho- 
cytes become aggregated upon the ciliated funnel sacs, there to undergo, 
first, an agglutination, then digestion and dissolution, and, finally, elimi- 
nation through the nephridium. 

2. The cells may carry the granules to some place of excretion storage 
and there become changed into immobile cells, or become dissolved and 
leave their contents enmeshed between the tissue cells. There are great 
variations among the worms in the degree to which excretion storage is 
developed. In some cases it is only temporary, while in others it is a 
permanent affair. The tissues chiefly involved are muscle, epidermis, 
and cuticle. In many worms the pigmentation of the skin, particularly 
of older individuals, is an indicator of the extent to which this type of 
excretion has occurred. Frequently among the segmented worms there 
are found large masses of excretory material stored in the posterior 
segments of the body. 

In some cases where the phagocytes or athroeytes clump upon the 
nephridial funnel, it is possible for the detritus arising from the cellular 
disintegration to pass directly into the nephridial tubule. There are 
many cases, however, in which the openings from the coelom into the 
nephridia are so small as to hold back all but the very smallest particles, 
those having a diameter of more than from 5 to 8 being too large to 
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pass* Occasionally, it happens that a nephrostome will open widely to 
allow chloragogen granules and uric acid crystals to pass. 

In those cases in which the nephridia do not open toward the coelom 
some other method of disposing of the excretophore granules must be 
found. The granules appear to become dissolved in the coelomic fluid 
about the nephridia or in the funnel sacs and their substance to be 
resorbed by the cells of the nephridial tube, from which it is again elimi- 
nated in the form of drops or granules. Another method of disposal 
occurs in some forms: Phagoc3rtes filled with excretophore granules at first 
adhere to the nephridial cells, then fuse with them, so that the enclosures 
of the free cells become the enclosures of the nephridial cells. From the 
nephridial ceils these enclosures are passed on to the lumen of the tubule, 
and are then eliminated through the nephridiopore. In some of the 
Lumbiicidae it has been shown that this second method, involving the 
fusion of cells containing excretophore granules with nephridial cells, 
takes place even in nephridia which are open to the coelom. Some 
authors have felt that the condition existing is rather one of diapedesis, 
f.c., of an amoeboid cell forcing its way through a membrane— and then 
of an intracellular excretion similar to that which has already been 
described for the echinoderms. Such an intracellular excretion taking 
place in the nephridium is quite rare. On the contrary, however, intra- 
cellular excretion is quite common at the surface of the body and occurs 
to some extent from the wall of the alimentary canal. This last type of 
excretion is quite closely related to the storage excretion mentioned 
above, and it is quite possible for one to be mistaken for the other. 

The processes of excretion among the worms have been considered in 
some detail since in this group there is a rather wide range of activities 
resulting in the elimination of wastes. The general principles of excre- 
tion to be found among the higher animals have also been illustrated, 
together with some indication of the evolution of the higher Iddney type 
of excretory organ out of the simpler nephridial forms. Attention has 
been directed to an apparent correlation between the character of the 
body fluid and the character of the excretory apparatus. 

In so far as the author is aware, no investigator has called attention 
to another seeming correlation, that existing between the character of 
the environment and the form of the nephridial tubule. No mention has 
been found of the fact that, in general, the aquatic worms have nephridia 
with short tubes or sacs, while the forms living in the earth have much 
longer tubes which are frequently much coiled. In the accounts of excre- 
tion there is found mention of the fact that the gland cells of the tubules 
may remove something from the blood or coelomic fluid and add it to the 
liquid contained within the lumen of the tubule, but the writer has 
failed to find any mention of the possibility that the nephridial tube may 
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also serve as a means of conserving water wMch might otherwise be lost 
to the organism. Animals which live constantly in the water would have 
little use for a water-conserving mechanism. The existence of such a 
contrivance becomes important in proportion to the possible dehydrating 
influence of environmental conditions. If the short nephridial tube and 
sac of such a form as Nereis, for example, can carry off the wastes pro- 
duced by this animal, it would seem plausible that a nephridium of simi- 
lar structure could do the same thing for such a worm as Lumbricus. 
In the latter form, however, the glandular part of the nephridial tube is 
relatively much more highly developed. This extreme development 
must occur for the purpose of meeting some need on the part of the earth- 
worm that does not equally occur in the marine worm. Such a need 
would be that of conserving the water content of the body. There are 
hints in the literature that the urine becomes more concentrated as it 
passes down along the tubule. It has certainly been inferred that this 
concentration is due to the addition to the liquid in the tubule of solids 
excreted by the gland cells. It seems appropriate to raise the question 
whether such concentration may not as well be accounted for upon the 
supposition that water is resorbed from the nephridial tube and retained 
for the coelomic fluid. Further investigation is needed at this point. 
If this suggestion shall be found of value, it will make apparent a very 
close harmony between the workings of the worm nephridium and the 
tubule of the mammalian kidney. 

Nephridial Activity of Arenicola. — Qualitative analyses of the coelo- 
mic fluid of the large worm Arenicola marina made by Carmen Strunk 
showed the absence of proteins but the presence of sugar and uric acid 
in the proportions, respectively, of 1 to 500,000 and 1 to 10,000. After 
immersing the cut animals in sea water colored with ammonium carmine 
and injecting into the coelom eryiihrocyanine, cyanol, patent blue, and 
ammonium carmine, the passage of excretory granules (in this case grains 
of the staining material) through the nephridia could be demonstrated 
at intervals of 1, 2, 3, 4, 5, and 6 hours. They always migrate through 
the nephridial cells from, their bases to the side bordering the lumen. 
Injections of coloring matter into the cavity of the nephridium were never 
followed by their appearance in the nephridial ceils. Nephridial cells 
of Arenicola marina are, therefore, excretory and not resorptive in func- 
tion. The emptying of the nephridia was observed on both uninjected 
animals and on those injected with coloring matter. Beginning with the 
posterior pair, the 6 pairs empty either simultaneously or in pairs, the 
movements occurring in general at 1-minute intervals. Glauber^s salt 
sets up a flow of urine; uric acid produces short, irregular but much 
more frequent, emptying movements* The nephridia are not storage 
kidneys. 
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Excretion among MoUtisks. — Definite excretory organs occur almost 
universally among the mollusks. In their fundamental structure they 
bear strong likeness to the nephridia of the worms. The fact that the 
body of the mollusk is unsegmented has resulted in some modification of 
the structure^ as will be pointed out presently. These excretory organs 
are lined with coelomic epithelium and are bent more or less into an S 
form, opening at the proximal end into the coelom through a nephrostome. 
The coelom in these forms is very decidedly reduced, the chief part of it 
being the pericardial cavity. The distal end of the excretory organ opens 
at some point upon the surface of the body through a nephridiopore. 
The wall of one portion of the tubule is made up of glandular cells which 
come to be very richly filled with granules and concretions, 

In certain respects the excretory organs of the mollusks contrast rather 
strongly with those of the worms. While the number of nephridia to 
be found in a worm varies with the size and the number of segments 
making up the animal, there are to be found among the mollusks only a 
very few of such structures. Typically, a single pair of symmetrically 
arranged nephridia occur in a great many forms. Among the opistho- 
branchs and pulmonates and a few other forms there is only a single 
nephridium to be found. Among some of the cephalopods there are two 
pairs. This reduction in the number of excreting structures is evidently a 
direct response to the increased efliciency of the circulatory apparatus. 
The blood circulates so rapidly, along definite courses, that widely dis- 
tributed eliminative structures are not needed. The same principle holds 
for all the higher animals. It seems logical that these structures should 
be closely associated with the heart, in view of the fact that the coelom 
is thus reduced to a pericardial cavity and that coelomic epithelium is the 
tissue chiefly involved in the matter of excretion. Among a few of the 
mollusks, water taken into the nephridial tube from the outside through 
the nephridiopore serves as the vehicle for carrying off the wastes. In 
most forms some special provision is made for the elimination of water. 
The coelomic epithelium lining the pericardium becomes specialized into 
a pericardial gland, the excretion from which is decidedly acid. Such 
glands occur on the surfaces of the auricles or in ramifications of the peri- 
cardial sac among gasteropods, lamellibranchs, and cephalopods. The 
glandular wall is well supplied with blood vessels and in a way plays a 
role like that of the Malpighian corpuscle of the kidney of the higher 
animals. 

The neck portion of the nephridium becomes elongated into a nephro- 
pericardial canal. The glandular portion may become broadened into a 
sac-like structure. In some cases the walls of the sac become a much 
folded or even spongy tissue, with the result that the excretory surface 
is very greatly increased in amount. Among the chitons, the excretory 
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organ becomes a much-branched canal system, the ramificatioiis of which 
extend to all parts of the body. 

It has seemed to some that the opening of the excretory pore into the 
mantle cavity constitutes a structural difference from the typical con- 
ditions existing elsewhere. It must be kept in mind that the excretory 
pore is really on the outside of the body even though the folds of the 
mantle and the shell may form protective coverings about the body mass. 
Any liquid thrown into the mantle cavity is Just as truly outside of the 
body of the mollusk as it ever can be. 

The process of excretion apparently takes place about as follows; 
Water containing hippuric acid and possibly some other nitrogen com- 
pounds diffuses through the epithelium of the pericardial glands (Keber's 
organ) into the coelomic space. Even where the pericardial glands are 
not well developed, it still appears that the pericardial epithelium plays 
an important part in the elimination of metabolic by-products. From the 
pericardial chamber the liquid is passed through the ciliated fimnel into 
the nephridial tube. The cilia of the funnel are evidently responsible for 
maintaining the necessary pressure gradient to insure continuous filtra- 
tion into the coelomic cavity. As the liquid passes down through the 
nephridial tube, it becomes more concentrated. It has been customary 
to assign an active excretory function to the cells of the nephridial tube, 
and if conclusions are to be drawn from the appearances figured by various 
investigators, it would seem correct to suppose that contributions of 
granules and concretions are added to the liquid as it passes down the 
nephridial tube. The possibility of water being resorbed from these 
tubules into the blood as it circulates through the small blood vessels of 
the nephridium should not be forgotten. The solids which are added to 
the liquid in the nephridial tube consist chiefly of uric acid and its salts. 
Sometimes lime and phosphoric acid are found. Among the mussels 
there is a sort of storage of these last-mentioned substances, underneath 
the epithelium of the nephridium, in the form of kidney stones. These 
may become as much as 3 or 4 mm. in diameter. Except for the forma- 
tion of these kidney stones the excretions of the nephridial cells are 
emptied into the lumen of the tube. This emptying process may be 
merocrine or holocrine, depending largely upon the quantity and quality 
of the cell enclosures. In addition to the inorganic salts eliminated, 
traces of creatine, creatinine, taurine, and some of the ferric salts have 
been found. Among the cephalopods crystals of uric acid are eliminated, 
although repeated tests have failed to indicate the presence of uric acid in 
the liquid. These uric acid crystals may possibly have their origin in 
certain parasites which infest the animals. 

In addition to the nephridia there occur among the mollusks, as 
among the worms, other methods of disposing of wastes. As an analogue 
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to the excretophore tissues of the worms, the mollusks have developed 
the pericardial gland, the major part of whose secretions are carried off 
through the nephridial tube. A portion of the secretion is, however, dis- 
posed of by amoeboid phagocytic cells. As an example of glandular 
structures which collect and hold waste matters among the mollusks 
may be mentioned the concrement glands of Cyclostoma. These con- 
tain xanthine and hypoxanthine. In other forms certain of the mesen- 
chyme cells of the body form concretions which are said to contain uric 
and hippuric acid crystals. Phagocytic cells, chemotactically directed, 
also take part in the excretory activity. They come to the cells charged 
with wastes, take into themselves masses of waste particles, and wander 
to the surface of the epithelium of gills, palps, etc., and there cast out 


•Section through the kidney of Edix pomatia. a, urinary granules; 5, epithelial 
cells; c, connective-tissue nucleus; d, connective-tissue septum. 


their burden of wastes. This form of intracellular excretion has been 
noted especially in the mussels, the prosobranchs, and the cephalopoda. 
Among the pulmonates intracellular excretion does not occur, but there 
are deposits of lime in the connective tissues. Also so-called excretory 
pigments appear in the skin and shell. 

During hibernation there is a general lowering of activity upon the 
part of animals. The snail Helix fails, during the hibernating period, 
to throw off from the nephridia (Pig. 95) such wastes as may accumulate. 
This may continue for so long a time as 5 months. The individual cells 
of the tube, however, give off at a very slow rate such excretions as may 
be formed, and these gradually pile up in the tube. As soon as the animal 
becomes active the whole mass is passed to the outside. The mass of 
excreted material contains about the amount of uric acid that would 
under normal conditions be produced in about 3 weeks, thus giving an 
indication of a very much slowed metabolism. 

Excretion among Crustacea.— -While there are among the Crustacea 
several ways of disposing of wast6:matters, there are two sets of glands 


EXCRETION 


497 


ainoiig the representatives of the group to which special excretory func- 
tions have been assigned. These are the antennary glands, which empty 
at the bases of the second antennae, and the shell glands, which empty at 
the bases of the second maxillae. In some larval forms both sets of glands 
exist; in adults only one set persists. Each of these glands is considered 
as a modified segmental gland, similar in character to the segmental 
glands of the annelid worms. Since the number of the glands is limited 
in every case to two, it is natural that these two should be well developed 
in order to meet the demands of the organism. It is a matter worthy 
of mention that two such glands could hardly meet the needs of the 



Fig. 96. — A. Antennal gland of My sis* B, Coelomic sac and the beginning of nephridial 
canal of Qammarus* a, ampulla; c.s., coelomic sac; m, sphincter muscle; ©, valve; n.c., 
nephridial canal; p.c., gland cells; 6.?., blood lacuna; terminal bladder; n.p., nephridial 
pore. ■ ■ ■ . ■ ■■ ■ ' ■ ■ 


organism without the aid of a very highly developed and efficient circu- 
latory system. Each gland (Figs. 96 and 97) consists of a terminal sac 
lined with epithelium; a coiled, sometimes much elongated, urinary 
tubule; and a urinary bladder. The cells of the walls of the terminal sac 
are distinctly of the glandular type, and the walls are frequently much 
complicated by foldings. In some forms the urinary tubule is intra- 
cellular, the wall consisting of only a single cell ; in others it is intercellular. 
The wall of the urinary bladder is in some of the higher forms also com- 
plicated by lateral invaginations. 

The physiology of these glands has been subject to much study. 
Haeckel, Lemoine^ and Huxley decided that they are excretory in nature, 
and based their conclusions, in part at least, upon the statement of Gorup- 
Besanez and Will, who say that the glahd gives off a secretion containing 
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guanine. Experiments made by injecting various colored granules 
into the body of a crayfish show that it is possible for the antennary glands 
(green glands) to eliminate such foreign particles. Kowalewksy decided 
that the end sac is the analogue of the Malpighian body and that the 
tubule is the analogue of the tubule of the vertebrate kidney. 

In addition to the excretory work of these structures just mentioned 
it has been found that the cells of the so-called liver have the power to 
take up and to pass into the alimentary tract foreign particles which have 
been injected into the blood. Among the lower crustaceans the lining 
epithelium of the intestine may also serve as an excretory organ. In 

some cases also, as among the 
"'"N. Cirripedia, the skin serves as an 

y \ excretory organ. 

I \ Excretion by Mid-gut Gland. — 

\ ^ decapod crustacean 

V, _ eliminates, by way of the hepatic 

ducts, substances such as natural 
pigments (carotene), experimental 
dyes (methylene blue, neutral red), 
^ \\f u/i cellular inclusions, vacuoles, purine 

) ] J Ilf \ j granules, and necrotic hepatic cells, 

! IJ l[^/9h considered as vehicles for 

poisons absorbed from the gastro- 
^ intestinal tract. The liver of Car- 

Fig. 97. — Diagram of antennal gland of 

crayfish, ca,, coelomic sac; nsi, nephrostome; eli:^nates, Via the 

grc^ green canal; tc, transparent canal; wc^ hepatic ductS and intestine, poisons 

white; canal; 6Zj urinary bladder; ec, terminal t i 

canal; np, nephropore. antipyrm, diamidophenol, 

and sodium salicylate, introduced 
directly into the blood. Necrotic hepatic cells do not serve as carriers for 
the. excreted poison which reaches the intestine mainly dissolved in the 
hepatic secretion. 

Excretion by Antennal Gland, — ^P. Marchal found in the liquid con- 
tained within the urinary bladder of the hermit crab Eupagurus, rather 
large, spherical, vesicular structures which disappear upon the addition 
of ammonia. These vesicles or bladders are formed on the inner ends of 
the epithelial cells of the end sacs and are given off to the liquid. The 
basal ends of the cells are quite opaque, striated, and filled with granules. 
When indigo carmine is injected into the body of a crab, the colored 
material appears inside these excreting cells in the liquid contained 
within the vesicle. The crabs form very favorable objects for the study 
of the process of excretion. Here it is possible to pass a small catheter 
through the excretory pore, and thus draw off the liquid contained 
within the urinary bladder: Irom a single specimen weighing 50 g., 
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there was obta^incd 13 cc. and an hour later 6 cc. more. Another specimen 
gave 17 cc. Normally the urine is enutted rhythmically, in some 
cases with considerable force, in others slowly. This emptying of the 
bladder is here apparently as important a function as it is in the higher 
animals, since animals whose excretory pores are mechanically stopped 
die in from 8 to 16 days. 

Excretion by Fat Bodies. — Many insects show accumulations of uric 
acid in their fat bodies, and it sometimes happens that in mature insects 
the whole of the fat body becomes an accumulation of wastes, the fat 
cells being almost wholly replaced by the concrements. Among the 
Hymenoptera there is, immediately after metamorphosis, a great elimina- 
tion of uric acid which had been accumulating during the larval period. 
This involves the going into solution of the uric acid so as to pass the 
Malpighian tubules in soluble form. Ceradot found that the Malpighian 
tubules of the rhinoceros beetle contain an abundance of uric acid and 
that there are deposits of uric acid in the hind-gut but never anterior to 
the point of attachment of the tubules. Pasteur and Roulin found that 
the uric acid content of the tubules of the silkworm steadily increases 
in the interval between two molts and that this disappears at once after 
the molt occurs, while there is an elimination of the accumulated uric 
acid to the outside at the molting time. 

Excretion by Intestine. — It seems certain also that in some cases the 
intestine serves as an organ for the elimination of uric acid. Kruken- 
berg found in the beetle Osmodesma that the intestinal lumen was filled 
for two-thirds of its length by a white mass of uric acid grains. This 
might be explained as a case of antiperistalsis, but the fact that in other 
insects, e.g,^ wasps, there are unmistakable evidences of uric acid excre- 
tion by the intestine lends weight to Krukenberg^s findings. Marchal 
is of the opinion that in some cases the intestine does the work which the 
Malpighian tubules, for one reason or another, are unable to do. 

While uric acid is the most important metabolic end product among 
the insects, it is not universally so among arthropods. It is doubtful 
if the Malpighian vessels of the arachnids excrete uric acid. Here guanine 
is a more important metabolic product. This has been shown through 
the work of Gorup-Besanez, Davy, Plateau, and Weinland. The last- 
mentioned investigator found traces of uric acid as well as guanine. 
Calcium oxalate and calcium carbonate are also excreted by arachnids. 

Excretion by Malpighian Tubes, — ^Among the great majority of insects 
the excretory organs are in the form of tubes or threads which occur in 
varydng numbers as diverticula of the hind-gut (Fig. 98). These are 
termed Malpighian tubes or vessels and may possibly be modified segmental 
organs. The Malpighian vessels of the arachnids are evidently analo- 
gous, though not homologous, to the Malpighian vessels of the insects, 
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the former being of endodermal origin and the latter of ectodermal. 
Some authors deny that the Malpighian vessels of the arachnids are 
excretory in character, but there seems little real foundation for such a 
contention. 

The Malpighian tubules usually arise at the junction of the mid- and 
hind-guts. They are variable in structure and in number. The Diptera 
have two pairs; the Coleoptera, two or three pairs; the Lepidoptera, 
three pairs; and the Hymenoptera and Orthoptera, many short tubes. 
There appears to be a distinct inverse correlation between length of tube 
and the number of tubes to be found in any animal. Each tubule con- 
sists of three layers, a serous layer, a basement membrane which may be 
of connective-tissue origin, and a lining layer of secretory epithelium. 

The secreting cells are large in proportion 
-.K.i// tubule and frequently 

^ leave only a small lumen at the center. 

^ some fornas with very short Malpighian 

tubules there seems to be a completely 
closed lumen. The cells have, in some 
H cases, deeply striated outer borders, and 

sometimes they bear cilia on their inner 
mid-'"'knf cytoplasm contains granules, 

fiampes, with modified Maipigh- crystals, and concrements of varying sizes 
lan tubes. Varying numbers. It was the 

discovery that some of these particles are uric acid that gave the first 
information as to the real function of the tubules. 

Leydig discovered that there are two sorts of Malpighian tubules: 

1. There are in the mole cricket whitish tubules which have their 
lumens filled with solid wastes. These give the white color to the tube. 

2. There are also yellow tubules made up of secretory cells which 
contain granules, but there are no granules in the lumens of the tubes. 

The suggestion that the Malpighian tubules are excretory in character 
was tested out experimentally by feeding various insects with food which 
had been poisoned. The cockroach Blatta and the beetle Cerambyx were 
fed on flour to which arsenic had been added, and the orthopteran Mantis 
was fed upon flies which had been deprived of their wings and had then 
been sprinkled with arsenic. After 40 days of feeding the animals were 
examined chemically and arsenic was found localized only in the Maipigh™ 
ian tubules. The general health and activity of the insects were not 
interfered with in any way by the poisoning. Similar experiments upon 
the myriapod Scolopendra gave the same result. 

A study of the excretory system of the blood-sucldng bug Rhodnius 
proUxus indicates that. the upper parts of the four Malpighian tubes 
secrete a solution of acid urate from the blood into the lumen and that 
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water and base are reabsorbed in the lower part, leading to a precipita- 
tion of the insoluble uric acid. Thus there is continuous circulation of 
water and of base. 

The elimination of stains has been studied by several investigators. 
The general results of these experiments may be suramarized as follows: 


Table 64. — Elimination op Stains by Insects 


Author 

Form studied 

i 

Injection i 

Result 

Schindler 

Mole cricket 

Sodium-indigo- 

sulphate 

After 2 hours the outer parts of 
Malpighian tubules were stained. 
After 24 hours nuclei were 
stained blue, and the cytoplasm 
was clear. Later only the cyto- 
plasm adjacent to lumen was 
stained 

Kowalewsky. . 

Culex 

Chironomus 
Ephemerid larvae 
Caterpillars 
Orthoptera ^ 

Sodium-indigo- 
sulphate and 

Carminie acid 

Taken up by cells of tubules and 
finally excreted into lumen in 
small crystals. Nucleus not 
stained 

Not taken up by tubules but by 
pericardial cells which are 
arranged in strands and seem 
to store up foreign matters of 

1 various kinds 

Kowalewsky 
and Cuenot. 

Mole cricket 

Indigo carmine 
Vesuvin 

Eliminated by yellow tubules 
Eliminated by white tubules 


The presence of uric acid in the bodies of silkvrorms had been noted 
as early as 1783 by Chaussier. Others obtained similar results upon 
examination of other insects, until now it is generally accepted as a fact 
that uric acid is the main excreted substance of the insects. In a few 
cases it has been claimed that urates of Na, K, Mg, NH 3 , and Ca are 
found in the place of uric acid. Also there are found H3PO4, CaCOa, 
and MgS 04 . 

Excretion by Aglomerular Kidneys. — ^Among some of the fishes are 
found kidneys in which only tubules and no glomeruli exist. The toad- 
fish Opsanus tau and the goosefish Lophim piscatorius are examples pro- 
vided with such aglomerular kidneys. In such forms the whole work 
of kidney elimination devolves upon the kidney tubules. These kidneys 
excrete water and some dissolved substances. The urine may differ 
quite markedly from blood plasma in its composition: some constituents 
(magnesium, sulphate, creatine) may occur in more concentrated amounts, 
and others (phosphate) in more dilute solution than in the blood. These 
aglomerular kidneys seem unable to excrete ferrocyanide. Under some 
conditions the chloride concentration in the urine may be much lower 
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than in the blood plasma; sometimes it is higher. The kidneys of 
L, piscatorius are unable to excrete glucose or ferrocyanide^ even after 
intravascular injections of these substances have been made. 

The proximal convoluted segments of the renal tubule, with or with- 
out the presence of glomeruli, of the toadfish and sculpin, are able to 
secrete water and many solutes, such as magnesium sulphate, creatinine, 
and phenol red. The glomerular nephron can be rendered functionally 
aglomerular by repeated injection of large doses of phlorizin. Under 
these conditions secretory activity of the proximal segment can be quite 
marked. As much as 95 per cent of some substances may be secreted 
by the proximal convoluted segment when the glomerulus is functional. 
The mechanism of secretion by this segment may be of two or more 
types. Eeabsorption of water, glucose, and chloride has been shown for 
this segment when a glomerulus is present. 

Excretion in the Frog, — ^The excretory system of the adult frog is 
composed of two highly vascular kidneys with their ureters and the uri- 
nary bladder. It is possible that the skin of the animal serves as an 
excretory organ, though very little is known about it. The kidney may 
be regarded as a compound tubular gland, made up of many hundreds, 
or even thousands, of uriniferous tubules. Each tubule begins in a 
Malpighian body, itself made up of two parts — a glomerulus and its sur- 
rounding capsule. The glomerulus is simply a small knot of blood capil- 
laries; the capsule, a thin-walled sac so formed by the expansion of the 
end of a uriniferous tubule as to overgrow and to embrace closely the 
blood vessels of the glomerulus.’ The course of each tubule is very 
tortuous, and in different regions the character of the cells making up 
the lining of the tubule varies so as to suggest that different regions may 
have quite different roles to play in the work of excretion. The cells lin- 
ing the tubule near the point where it leaves the glomerulus are definitely 
columnar and bear large cilia. Beyond, the cells are more pyramidal in 
form and bear shorter cilia. Without doubt, the function of the cilia 
is to drive liquid on through the tubule and at the same time to reduce 
the pressure in the capsule to a very low amount — possibly to cause an 
actual negative pressure. 

The following account by G. K. Noble is, by permission of the pub- 
lishers and author, here included: 

Each tubule in the mature kidney, or mesonephros, of both urodeles and frogs, 
exhibits typically certain structurally different parts which may be homologized 
with similar parts of the tubules of the mammalian kidney, a metanephros. The 
nephrostomes on the ventral surface of the kidney open into a short ciliated neck 
which connects with a similarly eiiiated tubule extending to an enlarged chamber, 
the glomerular capsule. One part of this chamber is invaginated by a rete of 
arterioles, the glomerulus, whicb with its capsule is called a renal corpuscle.'^ 
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The first segment of the tubule which arises from the capsule is ciliated as stated 
above. Distal to this first segment, the tubule widens out into a long convoluted 
part lined with cells having a glandular appearance. This is the proximal con- 
voluted portion of the tubule. It runs dorsally in most Amphibia, usually to the 
upper portion of the kidney, where it joins a second ciliated part. This part is 
sometimes designated as the narrow segment of the tubule, although it may be as 
wide as all the other segments except the proximal ciliated one. It corresponds 
in position to Henle’s loop of the mammalian kidney, and although it may extend 
ventrally again it has neither the great length nor the charaeteristie form of this 
important part of the metanephric tubule of the mammalian kidney. There 
follows on this segment the fourth or distal convoluted portion of the tubule. It is 
joined by a short junctional segment with a connecting tubule which in some 
frogs extends transversely across the kidney to make an outlet to the Wolffian 
duct. 

Many tubules of both urodele and frog kidney lack a nephrostome and hence 
have given up all direct connection with the coelom. In higher vertebrates, those 
with a metanephric kidney, nephrostomes are given up entirely. One modifica- 
tion of the nephrostome is found only in the Salientia. In many, but not ail, of 
these the nephrostomai segment of the tubule joins with nephric veins (Sw^eet, 
1908). Originally the nephrostomes discharged into the tubules waste fluids 
secreted through the wails of the peritoneum, but within the Amphibia, appar- 
ently with the increasing use of the peritoneal cavity as a lymphatic chamber, 
these same nephrostomes became conduits for circulatory fluids. This offers a 
good example of structures assuming totally new^ functions during phylogeny 
without changing to any great extent their original character. It may be further 
noted that in Rana temporariaf at least (Gray, 1930), the nephrostomai funnels 
arise independently of the tubules, and hence the frog shows in its development 
no evidence of the ancient use of these structures as essential parts of the excretory 
system. 

[Function of the Kidney.l — ^The structural differences between the kidney 
tubules of amphibians and those of mammals are closely correlated vath impor- 
tant functional differences. The mammalian urine is always h 3 rpertonic to the 
blood, ^*.6., possesses a higher percentage of solids and accordingly a higher osmotic 
pressure. On the other hand, amphibian urine is usually hypotonic to the blood 
or at least never exceeds it in concentration. This difference is apparently 
correlated with the absence of typical Henle^s loop in the amphibian tubules. 
Through the thin membrane covering each glomerulus, there apparently filters 
out into the glomerular capsule a fluid which is essentially blood plasma, devoid 
of its proteins and lipins (Walker, 1930), The tubules show a selective function 
in reabsorbing useful substances, especially sodium chloride and glucose, and in 
transmitting them back to the blood stream (Liang, 1929). Dyes have been 
frequently injected into the vascular system of frogs with a view to demonstrating 
the part of the tubule which eliminates such foreign substances. It appears that 
the glomerulus may eliminate certain dyes and the tubule others (Kuki, 1929). 
Bensley and Steen (1928) found by the use of dyes that the distal convoluted seg- 
ment of the frog's renal tubule had resorptive functions, while the proximal 
section, although taking up the dye from the blood, excreted it into the tubule 
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lumen in a more dilute solution. According to these authors, this process of 
secretion is present even when there is no circulation in the renal corpuscles. 
Bieter and Hirschf elder (1929), on the other hand, have stressed the rapidity 
with which dye may be eliminated by the glomeruli as contrasted with the slower 
elimination by the tubule. In brief, the tubule plays a most important role in 
reabsorption, while the glomerulus, with its thin cover of cells, may be looked upon 
as a mechanism for flushing the tubule. In salt-water fish and reptiles which 
must conserve their water, the glomerulus may be poorly developed or even, as in 
some of the former, absent entirely. 

In spite of the dilute character of frogs’ urine, certain of its constituents are 
very much more concentrated than in either blood or capsular fluid. This has 
been shown to be the case for urea (Przylecki, 1922), where the concentration 
may be as great as seventy-four times (Crane, 1927). In comparison with 
mammahan urine, however, phosphates are far less efiiciently concentrated in 
the amphibian kidney, and chlorides and bicarbonates not at all (Crane, 1927). 
Crane suggests that the concentration of urea is probably due to a selective 
secretory function of the tubules, and this author points out that this may be a 
primitive mechanism which is lost higher in the evolutionary scale. Throughout 
the vertebrate series the glomerulus remains as the primary outlet for water. 

[The Kidney a Regulator of Water Content]— Frogs and toads excrete propor- 
tionately much more urine per day at ordinary temperature than man. While 
man excretes about one-fiftieth of his weight per day, the frog excretes about 
one-third (Adolph, 1927). Like most essential processes in Amphibia, the rate 
of excretion is dependent on environmental temperature. During the winter, 
kidney function is almost entirely suspended. This is apparently not due, 
however, to the slowing down uniformly of all the processes of excretion, Oliver 
and Eshref (1929) have shown that there is an increase in resorptive functions 
of the tubules during the winter months. In Eana pipiens an increase in tem- 
perature of 10®C. increases the rate of water passage through the skin 2.3 times 
(Adolph, 1930). At any one temperature the water is absorbed through the 
skin at a rather constant rate (Adolph, 1927) and does not vary with the area of 
skin exposed. The water is excreted by the kidneys at the same rate, and hence 
the concentration of body fluids does not change essentially. The frog thus 
regulates its fluid content at the point of output and not at the point of intake. 
The blood pressure has an important control over the amount of urine eliminated, 
since the blood plasma apparently passes through the glomeruli by filtration, not 
by secretion. In salamanders the destruction of one kidney, either mesonephros 
or pronephros (Howland, 1920), results in a compensatory h 3 ^ertrophy of the 
kidney of the opposite side. It would seem that in this case the amount of water 
absorbed remained the same as before the operation and that the one remaining 
kidney grew to do the work of two* 

In brief, the work of the kidney is not purely excretory, that is, the elimination 
of waste products of metabolism. The kidney has regulatory functions as well. 
By allowing the passage of certain substances to the exterior, and in the retention 
of others, the kidney is of the greatest importance in maintaining the charac- 
teristic constancy in composition of the body fluids. Amphibia are continually 
absorbing water through their skm, and, further, they take less sodium chloride 
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in tlieir food than mammals. Hence, the materials eliminated are different in 
the two groups. In mammals water is saved and the salts excreted, while in 
Amphibia the reverse maintains to a large degree. Further, with the less efficient 
regulatory mechanism of the amphibian kidney, the bladder functions not merely 
as a receptacle for urine. Since the bladder is permeable to water, there is an 
absorption by the tissues of water from the bladder under conditions o! dehydra- 
tion until the osmotic equilibrium with the blood is again attained (Steen, 1929 ). 

In the summer, frogs immersed in water abundantly absorb water 
through the sldn and excrete it through the kidney. No reabsorptioii 
of water is necessary. In the dry winter frogs, about one-half of the 
water excreted from the glomeruli is absorbed in the tubules. A change 
of environment does not produce a change of the same order as the 
seasonal effect in the tubular absorption. 

Aglomeruiar Kidneys and Water Excretion.— The glomerular devel- 
opment of the kidneys of Vertebrates seems related to water excretion. 
Marshall and Smith say: 

The proto-vertebrate kidney was at one stage probably aglomerular and the 
glomerulus was evolved as an adaptation to a fresh-Water habitat. In the lower 
vertebrates remaining in fresh water (dipnoans, ganoids and fresh-water teleosts) 
and in those still in intimate dependence on it (Amphibia), the glomerular 
development is good; but with the secondary assumption of a marine habitat 
(marine teleosts) or with the assumption of terrestrial life in which water con- 
servation becomes a necessity (arid-living reptiles and birds) the glomerular 
development is extremely poor. In the mammals (and possibly to some extent 
in lower vertebrates) the primitive water-excreting function of the glomerulus 
has been secondarily diverted to a filtration-reabsorption system designed to 
excrete waste products without the loss from the body of excessive quantities of 
water. The relative importance of tubular secretion in any kidney will, on this 
view, depend upon the extent of glomerular development. 

Water Balance. — One important consideration in the life of every 
animal is the maintenance of a normal water balance. Among aquatic 
animals there is a regular and continuous osmotic interchange of water 
between the animal and its environment. The role of the protozoan 
contractile vacuole in collecting this.endosmosed water and then pumping 
it to the outside has already been mentioned. The stream of water 
constantly diffusing through the surface membrane of the protozoan 
may be explained, in part, by the osmotic-pressure difference between 
the protoplasm of the animal and of the environing liquid. Other 
factors than osmotic pressure are probably also involved, especially in 
the cases of animals higher in the scate, . 

Adolph has presented a-table showing the relative rates of turnover 
of water in a very few forms: 
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Table 65. — Rates of ToKisroTEE' of Watee 
Expressed as per cent of body weight per 24 hours, at about 20®G. 


Among aquatic and amphibious forms, water diffuses readily and 
(under appropriate conditions) constantly through the body surface 
into the animal, or water may be swallowed and diffuse into the body 
through the epithelia lining the alimentary tract. This latter type is 
common to insects, fish, reptiles, birds, and mammals. 

The water exchange of the frog Bana pipiens has been more exten- 
sively studied than that of any other animal. In its normal aquatic 
environment the frog maintains a relatively constant body weight. 
That is, its intake and outgo of water are approximately equal. That 
there is a continuous intake of water through the skin can be shown by 
tying off the cloaca tightly with thread. (The frog does not ingest water 
through the mouth.) When this is done there is a continuous and steady 
increase of weight, due to the accumulation of urine in the bladder. 
If, after a number of hours, the thread be removed and the urine allowed 
to escape, the weight of the frog returns approximately to its original 
value. The rate of increase in weight by water absorption is about 
1.3 per cent of body weight per hour, or 31 per cent per day, at 20°C. 
If the frog is removed from water and placed in a moisture-saturated 
atmosphere, the formation of urine ceases. The rate of urine excretion 
appears to depend directly upon the availability of water within the body. 
If an amount of w^ater or solution be injected into the body of the frog, 
there is eliminated by the kidneys a corresponding amount of fluid over 
and above the amount being diffused into the animal through the skin. 
If the frog be placed under conditions such that loss of water from the 
body surface may occur, it will be found that water which has already 
passed through the kidneys for elimination will be reabsorbed through 
the wall of the bladder so as to help maintain the normal water concen- 
tration of the body. 

It has already been pointed out that the body fluids of the fresh- 
water invertebrates and fishes have an osmotic pressure higher than that 
of the surrounding medium, ; Information concerning the water exchange 
of these animals and of marina forms is very fragmentary. In general 
it may be said that marine ai^als placed in diluted sea water tend to 
increase in wmght; when placed in hypertonic sea water, they tend to 
lose weight* A' ; • 


Species 

Mode 

Minimum 

Maximum 

Man 

3.4 

1.4' 

68.0 

Frog 

31.0 

<5.0 

93.0 

Earthworm 

19.0 

'1.0 

>30.0 

Amoeba 

520.0 

<75.0 

>615.0 
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Three general conditions of body fluids in respect to osmotic pressure 
may be recognized: 

1. Poikilosmotic— in which the osmotic pressure of the body fluid 
is changeable, and dependent upon the salts dissolved in the sea water. 
The total osmotic pressure equals or slightly exceeds that of the surround- 
ing sea water, though the relative concentration of salts in the blood may 
differ somewhat from that of sea water, especially in case of potassium 
and magnesium in marine invertebrates. 

2. Metisotonic" — -in which the total osmotic pressure of the blood 
equals that of the sea-water environment, but the salt concentration is 
much less than that of the sea water. The balance of osmotic pressure 
is secured by the addition to the blood of some other substance, as urea 
in the case of the elasmobranchs. 

3. Idiotonic — ^in which there is maintained a constant osmotic pres- 
sure unlike that of the environment (bony fishes, fresh-water inverte- 
brates, insects, amphibia, reptiles, and mammals). 

In the terrestrial organisms the relative water content of the body 
is to be correlated, not with the osmotic pressure of a liquid medium, but 
with the vapor tension of the atmosphere. It is known that some insects 
are actually able to gain in water content when placed under conditions 
of starvation and thirst. It has been pointed out also that certain 
weevils gain in water content as the grain upon which they live loses in 
water content. 

In man, a terrestrial vertebrate, the water content normally remains 
very constant. His daily loss of water amounts to about 5 per cent 
of the amount present. This loss must be compensated for by an 
equivalent or greater intake, into the alimentary canal. Here all or 
nearly all the water ingested is absorbed into the vascular stream. 
Much larger amounts than needed may be absorbed, in which case 
there is an enormously increased excretion through the kidneys and, in 
case of heavy labor or heated surroundings, through the sweat glands. 
The final result is that the body maintains an almost constant water 
volume. It is also possible to deprive the body of the normal water 
intake. As much as 10 per cent of body weight may be lost without 
serious symptoms, and this loss may be completely replaced by drinking 
water alone. How the body knows when the proper water content has 
been attained is a question not yet answered. The blood maintains an 
average concentration which is very definite, though it may be modified 
at will for short periods. For example, it is possible by measuring the 
specific gravity of the blood before, and say 34 hour after, the ingestion 
of a measured amount of water, to accpunt for practically the whole 
amount ingested in the reduced specific gravity at the second determina- 
tion. After a short time the excavation of urine tends to restore the 
specific gravity to its normal figxire. , 
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Theories of Kidney Action. — Bowman (1842) looked upon the water 
secretion coming from the glomerulus of the kidney as a means of flush- 
ing out the tubules in which urea and other excretory substances were 
excreted in solid form. He evidently believed, though he did not clearly 
state, that salts, sugar, and albumin pass into the urine through the 
capillary walls of the glomerulus. In 1874 and in 1883 Heidenhain 
presented experimental evidence in support of Bowman’s hypothesis, 
which has since been knowm as the Bowman-Heidenhain theory. He 
believed that excretion is accomplished by the vital activity of the 
epithelial cells of the capsule and of the tubules and indicated the par- 
ticular roles played by the epithelia of the different parts of the structure, 
as follows: 

Glomerular capsule Secretes water and those salts which accompany water 

everywhere in the organism, such as NaCl, and sugar in 
glycosuria, and egg albumen. 

Convoluted tubules and Excrete most of the solids found in the urine: urea, uric 
the wide part of Henle's acid, hippuric acid, pigments, hemoglobin, and salts, 

loop. These are accompanied by a minimal amount of water. 

During diuresis water is excreted in excess by cells of 
tubules and not by glomerulus. 

In other words, Heidenhain looks upon the glomerular capsule as 
excreting a fluid very similar to blood plasma, except for the proteins 
which it does not allow to pass. As the fluid passes along, it receives 
from the cells of the tubules their contribution of urea, uric acid, and 
salts and finally emerges from the collecting tubes as urine. 

Ludwig (1844) took a different view of excretion. He believed that 
the glomerulus is simply a filter and that all constituents of the blood 
plasma except the proteins may pass through it freely. Much of the 
fluid passed off by the glomerulus is reabsorbed by the cells of the tubules, 
the remnant passing through the collecting tube being the urine. 

More recently, through the work of A. R. Cushny and others, there 
has come to be a modified view of excretion, which is somewrhat of the 
nature of a compromise. 

It is now very generally recognized that the glomerulus of the kidney 
is a filter and that the liquid which passes from the blood vessels into the 
capsule is a filtrate. The process of filtration is dependent upon: 

1. Differences in pressure of the liquid on the two sides of the mem- 
brane. Other things being equal, the amount of water excreted through 
the glomerulus varies with the difference in pressure on opposite sides 
of the membrane. 

2. The character of the membrane. The membrane may vary in 
permeability from individual to individual, and in the same individual 
from time to time. These differences in permeability may be due to 
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variations in the arrangements of the molecules in the membrane and 
thus of the intermolecular spaces or pores through which the filtration 
must take place. These differences would affect the amount of liquid 
filtered during the course of a day and might also modify the character 
of the filtrate by allowing, under abnormal conditions, the passing of 
certain substances which under normal conditions would be retained. 
Modifications of the membrane through lack of oxygen, changes in the 
hydrogendon concentration of the fluid, variations in the Na/Ca balance 
of the blood, and variations in the concentration of other substances 
in the blood are factors which may influence the permeability of the 
membrane. 

3. The character of the liquid to be filtered. In addition to the 
effects of the composition of the blood upon the character of the mem- 
brane, there are other ways in which the composition may affect the 
work done by the kidney. The proteins of the blood plasma oppose 
any separation of the other constituents of the blood plasma from them- 
selves by filtration. The amount of the force involved is variously 
estimated by different investigators from 20 to 34 mm. pressure of 
mercury. This force must be overcome by a superior pressure if filtra- 
tion is to occur. 

Absorption by Kidney Tubule. — ^The filtrate from the glomerulus is 
an exceedingly dilute solution of such substances as appear in the blood. 
As the filtrate emerges from the tubule, it is found that there is present 
less water than passed through the glomerular capillary walls. Also 
certain dissolved substances are taken up by the cells of the tubules, 
while others are rejected by the cells and pass off through the ureters. 


Table 66. — Relative Proportions op Substances in Blood and Urine 


Substances 

Blood plasma, 
per cent 

Urine, 
per cent 

Change in con- 
centration in 
kidney 

Water 

90-93 



Proteins, fats, and other colloids . . . 
''Dextlbse'v' ; . 

7-9 


Urea 

003 

2 

60 

Uric acid 

0.002 

0.05 

25 


0.32 

0.35 

1 


0.02 

0.15 

7 


0.001 

0.04 1 

40 


0.008 

0.015 


Mg 

0.0025 

fiSoiiili® 

0.006 1 

2 



2 

PO4 

0.009 


30 

SO4 

iiiiftoistifS 

0.18 

60 ' 
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The relative proportions in which certahi substances occur in human 
blood plasma and in human urine are shown in Table 66 taken from 
Cushny^s monograph. 

The relative proportions in which the different substances appear 
in the urine vary much with changing conditions. The water content of 
urine varies with the amount of water taken in by the individual and 
with the amount of water eliminated through the skin and through the 
intestine. Usually enough water is retained, except among the herbivores, 
to keep the various solids of the urine in solution. If large amounts of 
water are taken, the depression of the freezing point of the urine tends to 
be very slight. The depression of the freezing point of blood is about 
0,55^C; that of a very dilute urine may be only 0.075°C., while that of 
a concentrated urine may reach — *5^0,; the average values ranging from 
--lto-2.5®C. 

Threshold Bodies* — Cushny has called attention to the fact that cer- 
tain substances are excreted only when they occur in the blood plasma 
above a certain concentration, which may be termed the threshold value. 
Other substances are excreted in proportion to the absolute amount of 
substance present in the plasma. If the substances excreted by the kid- 
ney are arranged in a series in the order in which they are concentrated in 
the kidney, there will be obtained, first, a large amount of water, then 
the following: 


Urea 

Foreign bodies 
Sulphates 
Phosphates 
Ammonia 

Potassium ? Have a threshold higher than that of chloride, but lower than that 
Urates ) of urea. 

Chloride ) Excretion has no direct relation to their absolute concentration in 

Sodium > the plasma. Definite threshold value in plasma, below which 

Dextrose ) they do not pass into the urine. Threshold bodies. 

As the watery filtrate passes down the tubule the gland cells forming 
the wall of the tubule absorb a portion of the water and return it to the 
blood stream. The amount of water thus conserved for the body is 
influenced by a number of factors and may be from 50 to 99 per cent of 
the amount filtered from the glomerulus. Some of the solids of the urine 
are also absorbed from the filtrate, Sodium chloride and sodium bromide, 
sugar, amino acids, and other food substances are absorbed freely, potas- 
sium less rapidly, and sulphates yery slowly if at all. These threshold 
bodies are absorbed in definitei proportions, and these proportions are 
determined by the normal value in the blood plasma. 

Excretion and Evolution.~Joseph Needham has made an important 
contribution; to our understai^4ing{o| the significance of the different 


i These occur in greater concentration in urine than in blood. Their 
r elimination is directly dependent upon the absolute amount 
> occurring in the plasma. They are no4hreshold bodies. 
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nitrogenous wastes excreted by different groups of higher animals. The 
appearance of ammonia, urea, and uric acid seems at first glance to be 
without rhyme or reason. Needham points out that ammonia and urea 
are very soluble and diffusible, while uric acid is not. Referring to the 
work of Fiske and Boyden he comments that in the egg of the fowl 15 per 
cent of all the water present at the beginning is needed to excrete the 
5 mg. of uric acid which are present in the allantoic liquid by the eleventh 
day of incubation. From that time onward, reabsorption of water takes 
place, and uric acid is left behind in the amniotic liquid. It is as if the 
water serves as an endless belt conveyor, transferring the waste material 
from the cells to the allantoic liquid and then returning for more. Because 
of the limited solubility of uric acid, the presence of this substance in the 
allantois is no inconvenience or detriment to the developing chick. On 
the other hand, ammonia and urea are highly soluble and diffusible. 
If instead of uric acid there was an equivalent amount of urea excreted 
by the chick, it would be found that for an egg content of approximately 
40 g. there would be 165 mg. per cent, about 11.8 times the 14 mg. per 
cent normally found in human or beef blood. This concentration would 
be definitely pathological. This consideration leads Needham to the 
suggestion that the form of excretion of nitrogen adopted by an animal 
depends principally upon the conditions under which the embryo has to 
live. It has been shown that the combustion of protein substances as a 
source of energy is much more marked in aquatic than in terrestrial 
embryos and further that the protein so burned by aquatic embryos 
constitutes a much larger percentage of the initial store of protein. For 
example the embryos of the chick and of the silkworm burn about 4 per 
cent of their initial store of protein, while the embryos of frog, trout, and 
the plaice each burn about 25 per cent of their initial protein store. It 
is reasonable to suppose that a terrestrial environment of an embryo has 
two effects upon its protein metabolism: (1) It suppresses the production 
of nitrogenous waste by removing the means of its easy disposal. (2) It 
elevates uric acid to the place of importance as a means of excreting nitro- 
gen. The invention of viviparity was a back-to-the-sea movement on 
the part of the embryo. 

Needham calls attention to a most interesting and significant circum- 
stance. The birds exemplify the most complicated form of nitrogen 
excretion. Between the second and fifth day of incubation the chick 
excretes ammonia and urea but no uric acid. It is just during this period 
that the chick shows its morphologically fish-like characteristics. During 
the remainder of the incubation period uric acid is excreted in 
abundance. , 

The following table taken from Needham’s paper gives the facts, for, 
the chick: 
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T^lb 67. — ^Excebtion by Chick Embetos 



Molecular 
weight of 
compound 

Percentage 
of nitrogen 
in compound 

Time of peak 
of maximum 
production 
in chick 
develop- i 
ment, days 

Absolute 
milligrams of 
nitrogen 
excreted dur- 
ing whole 
chick devel- 
opment 

Percentage 
of total nitro- 
gen excreted 
during whole 
chick devel- 
opment 

Ammonia. . . . 

17 

82.3 

4 

0.120 

1.07 

Urea . 

60 

46.6 

9 

0.843 

^ . 7.58' , 

Uric acid 

168 

33.3 

11 

10.161 

11.124 

91.35 


To excrete uric acid as the chief nitrogenous end product is very 
expensive. From the standpoint of animal economy, ammonia is the 
most efHcient end product, for there is no wastage of carbon. In urea 
the C/N ratio is 1:2, and in uric acid the C/N ratio is 1 :0.9. That is to 
say, in urea 2 atoms of nitrogen can be gotten rid of at the expense of 
1 atom of carbon, while in uric acid only 0.9 atom can be so eliminated. 
Also in urea each nitrogen atom takes away 1.5 oxygen molecules, and 
in uric acid, 2.2. The uric acid is of these three the least efficient form 
of excretion. 

The recent work done in this field points to an association between 
aquatic life and the excretion of ammonia and urea and between terres- 
trial life and the excretion of uric acid. The especially noteworthy fact 
is that it is the life habit of the embryo that is the determining factor, 
not that of the adult. An animal may live in the sea, but if its eggs 
are laid and develop on land, it may be predicted that its main nitro- 
genous end product will be uric acid. Mammals count as aquatic ani- 
mals since the excretion of nitrogenous wastes through the placenta is 
analogous to their excretion into water. 

A generalization or law might be provisionally enunciated as follows: the 
main nitrogenous excretory product of an animal depends on the conditions 
under which its embryos live, ammonia and urea being associated with aquatic 
pre-natal life and uric acid being associated with terrestrial pre-natal life. If 
this should turn out to cover the facts not at present known, it will certainly be a 
contribution of chemical embryology to biology as a whole, for formerly there 
was not a trace of order or system among the facts obtained by comparative 
investigations of nitrogen excretion, and no answer to the question of why a 
uricotelic metabolism should exist at all. The answer here suggested is that 
terrestrial oviparous animals would have been impossible without it.^ 

^ Needham, ScL Progr^Sf April, 1929. 



CHAPTER XVII 


THE PHYSIOLOGY OF COORDINATION, ADJUSTMENT 
AND REGULATION ’ 

Any successful living organism is something more than a bundle of 
separate organ systems, each operating for and of itself. The organism 
is and must be the unit. To provide the necessary cooperation between 
the different parts so that all may work together in harmony and so 
bring about a living illustration of the idea that the organism is a unit, 
there must be some coordmating mechanism. In fact, two such systems 
have been developed in the animal kingdom, and there is evidence of a 
coordinating system also among plants. These systems are the nervous 
system and the endocrine system. The former provides for the trans- 
mission of control messages to individual cells or groups of cells, rapidly 
and efficiently. The latter provides for a sort of wholesale modification 
of cellular, tissue, and organ activity by a general broadcast of chemical 
regulating substances through the circulating fluids of the body. 

A. THE NERVOUS SYSTEM 

What is customarily called the nervous system is really a complex of 
receptors and adjustors. It will be recalled that, among fundamental 
physiological properties of living matter, irritability and conductivity 
were mentioned as among the most important. In the higher animals 
two types of tissues are found which have developed these two properties 
to a high degree. These are the muscular tissue and the nervous tissue. 
In muscular tissue the property of contractility is also developed to a 
very high degree m the highly differentiated forms and to a lesser extent 
in the lower animals. 

The question may be raised as to why muscle cells may not be stimu- 
lated directly by the forces acting upon the organism. In fl.niTnfl.la in 
which the muscular elements are superficially placed, such stimulation 
might easily occur and apparently does occur among the sponges and 
possibly among the coelenterates. At any rate, there is not, as far as 
the author is aware, evidence of anything of the nature of a nerve net 
to be found among the sponges. Such nets do occur in the coelenterates, 
but here it has not been demonstrated that direct muscular stimulation 
by the conditions of the environment may not occur. In the higher ani- 
mals there is also evidence of the direct stimulation of the ciliary muscle of 
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the iris of the eye by light. In the great majority of cases, however, the 
muscle cells are in a way screened from the effects of the ordinary stimuli 
which impinge upon the organism. The thick layers of the skin, as well 
as the bulk of the muscular tissue itself and of other tissues, serve to block 
off from the deeper43dng cells such impulses as might easily affect cells 
in the superficial layer. Also the liquid medium by which the muscle 
cells are bathed is of such a chemical nature as not to stimulate the 
muscle cells to action. Loeb has shown that slight modifications of the 
bathing solution may have a decidedly stimulating effect. The sugges- 
tion that there may be conduction from one muscle cell to another, with- 
out the intervention of any nervous elements, has also been made. Such 
transmission would, of course, be slow, and for the higher organisms very 
inefficient, but it undoubtedly occurs in many instances. 

Need for a Nervous System. — ^Living organisms are, in the main, 
complexes of cells carrying on their vital activities in an environment sub- 
ject to modification. The simplest existing organisms have but little 
need for an organ system whose main object is to receive stimuli from the 
outside and to meet the changing conditions implied in these by motor 
activities. Yet it is found, even among the protozoa, that such receptive, 
conductive, coordinating, and effecting systems have their place. The 
organism is placed in an environment which may vary in its water or gas 
content in either quantitative or qualitative ways. It must, if it is to 
survive, respond to the stimulation of the want of food, or to the presence 
of certain forms of food; it must respond to variations of temperature, 
of light, of gravity, of density of water, of pressure, of chemical sub- 
stances, and to vibrations of air or water, if it is to ward off the attacks of 
enemies, to secure a food supply, and to continue its race. 

Among the lower forms there is no differentiation of organs for the 
reception of the different classes of stimuli. The protoplasm appears 
to be all of one kind. All the differing forms of stimuli which impinge 
upon the surface of the body may be imagined to be about equally effec- 
tive. There is a great variety of environmental conditions to be encount- 
ered by the living organism, and these must lead to responses on the part 
of the irritable protoplasm. Among the higher animals a mechanism is 
provided in the nervous system, with its associated sense organs, for the 
reception of a wide range of stimuli, as to both quality and intensity, 
and for rapid conduction from point to point in the organism. 

Chemical Controls in Aid of Nervous Systems. — To put upon the 
nervous system, however, the whole burden of adjustment and regulation 
has seemed unwise or uneconqmio, and there has been developed a wide 
range of chemical controls which in the higher animals operate together 
with the nervous system in bringing about well-regulated activities of 
different parts of ; the body ^ These chemical controls act sometimes 
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wholly independently of the nervous system, sometimes in direct associ- 
ation with it. Some of them have to do with the regulation of normal 
embryonic development; with regeneration of parts lost by injury; with 
regulation of the rate of general body metabolism or of the metabolism 
of some specific substances, as calcium; with control of the rate of growth 
and the degree of finish of organs; with the delicacy of adjustment of the 
organism to its environmental conditions; with various cyclic activities 
of the organism, as heart action, respiratory action, activation of diges- 
tive, reproductive, and other glands; with the control of the sex cycle; 
with furnishing the appropriate conditions for the operation of the 
central nervous system; and they act in place of the (autonomic) nervous 
system, to serve as an integrator of the various organ systems so that 
the organism acts as a whole — greater than the sum of all its parts. 

Forces Acting upon the Organism.— -The success of any protoplasmic 
line will depend upon the degree of discrimination with which its indi- 
viduals may detect minute changes in their environment and then their 
ability to adjust themselves to the conditions of their environment. The 
behavior of the organism, using the term “behavior” in its broadest 
sense, may be conceived to be the resultant of all the forces coming to 
bear upon the protoplasm of an individual. These forces may be classi- 
fied in two main categories as follows: 


4. 

6 . 


External factors: 

1. Moisture. 

2. Light. 

3. Temperature. 

Gravity. 

Chemical composition of environment: 

Oxygen tension. 

Carbon dioxide tension. 

H-ion concentration. 

Salt balance. 

6. Density of medium. 

7. Contact. 

8. Pressure. 

9. Electrical conditions of environment. 

Internal factors: 

1. Heredity. 

2. Memories — changes in cells as result of experience. 

3. Habit formations. 

Modifications due to metabolic condition: 

V ariations in metabolic rate. 

Pathological disturbances of metabolism. 

Excess of food. . 

Want of food. 

Want of oxygen. . 

Want of some particular food substance. 
Production or ac<5uniulatioh of wastes. 


4 . 
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$; Modifications due to variations in glandular activity. 

6, '"Fatigue-— exhaustion. , 

7..; Parental care . 

S. Sex urge. ' 

9. Turgor of internal parts. 

10. Pain. 

It must be recognized that the organism is at all times being played 
upon by a vast array of forces which act upon it from all directions. 
It must be recognized, also, that not all of the forces which are operative 
in the environment make any definite impress upon the organism. While 
the organism has become adapted to receive a considerable variety of 



Fio. 99. — Diagram to illustrate the forces acting upon an organism from within and without 
and which determine behavior. 

impressions, there are many other manifestations of energy which the 
cells of the body are not adapted to receive, such, e.gr., as the waves 
of the radiophone. 

Of the factors which tend to determine or modify behavior, the 
external factors have received most attention. This is undoubtedly 
because they are more or less tangible and subject to control. The 
internal factors are less tangible, less subject to experimental control, 
but no less real. Because they seem intangible and difficult to control, 
many investigators have seemed inclined to leave them out of considera- 
tion or to dismiss them with the suggestion that we can never hope to 
understand them. 

The organism may then be represented as being an object at the 
center of a sphere of influences at the periphery of which are forces acting 
upon it from various directions. The direction in which the organism 
moves or the activity which it assumes at any moment of time may be 
considered to be the resultant of aH the forces internal and external acting 
at that moment (Fig. 99). 

Neuromuscular Apparatus of the Protozoa. — It has been customary 
to think of the protozoa as forms! w:hich exhibit little of the differentiation 
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wHch is to be foimd in the more complex multicellular animals; In 
particular the belief that the protoplasm of the protozoa is almost uni- 
formly conductive and contractile 
seemed well founded. That this is 
not the case has been shown in a series 
of brilliant investigations carried on 
at the University of California under 
the direction of Professor Kofoid. 

Attempts had previously been made 
by others to differentiate nervous 
elements in protozoan cells, but with 
only partial success. With the work 
of Sharp (1914) upon Diplodinium 
ecaudatum^ a very complex member 
of the Oligotricha, it became evident 
that an exceedingly complex neuro- 
muscular structure may exist within 
the limits of a single cell. Yocum 
(1918) described a similar system in 
Euplotes; Taylor (1920) demonstrated 
that the system in Euplotes is con- 
ductile rather than supporting or con- 
tractile and that the conductive 
properties function in the coordination 
of the movements of the locomotor 
organelles with which the system is 
intimately associated. 

Rees also (1922) reinvestigated 
Paramecium and has found a most 
elaborately organized neuromotor 
system. The system in Paramecium 
(Fig. 100) consists of a neuromotor 
center lying at the anterior end of the 
cytostome; two peripheral whorls of 
fibers — ^the larger on the oral side, the 
smaller on the aboral side; and of two 
other groups, the cytopharyngeal 

fibers one running to the anterior jParamedum, (Note that fibers connect 
zone of membranelles in the cyto- the nerve centers with every ciiium and 

phar^mx and the other around the 

Tuar gin of the cjrtostome to the posterior menabranelle zone. All the 
fibers of the peripheral whorls and of the cytopharynx ramify out from 
the neuromotor center at the anterior end of the cytostome. The radiat- 
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ing fibers connect at their outer ends with the basal granules of the cilia 
and with the trichocysts. 

Nervous Organization. — In all groups of animals above the sponges, 
there are definite mechanisms given over to the transmission of impulses. 
These vary greatly in the complexity of their design and in the degree to 
which specialization has taken place in the component parts. The 
simpler of these mechanisms may be called nerve nets and the more 
complex, synaptic nervous systems. 

The nerve net is a system made up of very primitive units which 
have been termed protoneurons by Parker, cells with processes 
which have protoplasmic continuity with neighboring similar cells and 
with effector cells. This type of system is characterized by diffuse 
transmission of impulses, i,e,, the cells, being spread out in the form 
of a network, tend to pass on from cell to cell throughout the whole 
system any impulse which may affect any cell. 

The synaptic nervous system is made up of neurons, cells wdth proc- 
esses not coming into direct contact with similar cells, but acting through 
what are known as synapses. Here, the conduction is ordinarily in 
only one direction in any cell fiber and hence is spoken of as polarized. 

The Nerve Net. — The nerve net is a type of structure characteristic 
of the coelenterates generally, though there are, of course, variations in 
the degree to which independence of the different cells composing the 
network has been developed. The nerve net is also to be found among 
the Echinoderma, worms, Crustacea, Insecta, Mollusca, and Vertebrata, 
being in these higher forms present in the walls of the blood vessels and 
of the alimentary tract. Parker calls attention to the fact that the 
gradually diminishing appearance of this type of nervous organization, 
as the animal scale is passed in review, seems to indicate that it is the 
more primitive type of structure and that it has gradually given way to 
the synaptic system in the higher animals. 

The structure of the nerve net may be illustrated by a reference to 
the conditions found in hydra and similar forms. Ganglion cells and 
nerve fibers occur everywhere under the epithelium and sometimes even 
in the epithelium. These cells and the fibers arising from them have been 
termed protoneurons. They form a delicate network as shown in Fig. 
101. Here, it will be noted that there are definite protoplasmic connec- 
tions between near-lying cells. The particular preparation from which 
this drawing was made does not show the fibers running to the effector 
cells or the fibers running to the ganglion cells from the receptor cells. 
Such fibers must, of course, exist and have been illustrated by Schneider 
(Fig. 102). The cells of this network are rather evenly distributed 
throughout the body wall of hydra and so serve to throw all parts of 
the body into correlation. It is apparent that impulses originating in 
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any part of the body may be transmitted in all directions through the 
network, and so come to involve all parts of the body. Inasmuch as 



preparation hy Powers and Powers,) 


the pathway, normally, from the receptor to the contractile element is 
exceedingly short, the passage of the impulse from nerve-end organ to 



r,. The parallel lines indicate the muscle 
(According to Schneider.) 

At any rate there is a distinct 


Fm. 102. — Ectodermal nerve plexus of Hydra fusca, 
fibers upon the supporting layer, < 

the effector may be said to be direct. 




Hertwig has shown that in the actinian Anthea cereus there is a 

■ definite plexus of nerve elements about 

the oral region. Whether these elements 
form a definite nerve net is a matter of 
some doubt. It seems more likely that 
the condition existing in this form is 
that of a plexus of nerve cells with long 
fibers which branch and anastomose in 
various ways and, perhaps, come into 
contact relations with each other (Fig. 

Evidence is not lacking that, even 
high up among the vertebrates, struc- 
tures exist which are comparable to the 
month nets found among the Coelenterata. 

cell; n./., nerve fiber. (According to The nerve nets found in the walls of blood 
Hertwig, from Schneider.) vessels are familiar examples. Possibly, 

also, the nerve plexuses of the alimentary walls of many animals belong 
in this same category. Examples of two such nerve-net structures are 
shown in Fig. 104. 


Fig. 104. — A. Two nerve cells of tfio subepitbelial nerve net of the palate of the frog 
B, Nerve net of a sDiaii artery of the frog. 

The nerve net posesses certain distinguishing features which deserve 
note: 
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1. The cells of the nerTe net are not only in physiological but in 
structural continuity. 

2. The cells of the nerve net are in intimate relations with the muscle 
cells which they excite. 

3. In transmission, impulses flow more freely into regions where the 
net is stretched than into regions where it is not stretched. 

4. The nerve net provides for organic autonomy. 

6. Transmission in the nerve net is diffuse. 

6. The power of the nerve net to bring about coordinated movements 
depends upon its refractory phase, f.e., impulses brought to bear upon 
the cells during their period of activity are not effective in inducing 
reactions. 

7. Evidences of polarity in the nerve net indicate that the net tends 
to become converted into a S 3 maptic system. 

. 8. Modifications of the nerve net of such a sort as to render the fibrils 
elongated so as to place the nerve cells at some distance from the muscu- 
lar cells and the fibrils to become aggregated in trunks or bands mark a 
change from a true nerve net to a synaptic system. 

Autonomy of Nerve of Xamellibranch Palp. — ^The palps of lamelli- 
branch mollusks have been shown by Matthews to be completely auton- 
omous. They respond to stimulation as well after removal from the 
animal as when attached and will exhibit such responses from 1 hour to 
18 days following removal. This high degree of autonomy raises the 
question as to what sort of neuromuscular mechanism they possess. 
The rolling up of the palps of the clam Anodonta cataracta is produced by 
muscle fibers, but the unrolling is caused by elastic connective tissue. 
This automatic movement of the palps and the various phenomena of 
diffuse conduction which they exhibit are explained by the presence of a 
subepithelial nerve net which connects, not only with sensory cells in the 
epithelium, but with fibers from the central nervous system as well. 

Transition from Nerve Net to Synaptic System. — Parker has called 
attention to the evolutionary change from the nerve net to the synaptic 
system. The first factor in this evolution is the tendency assumed by 
the cells to become polarized, f.e., to conduct impulses in one direction 
only. The earliest indication of this polarity may be that in which con- 
duction occurs more readily in stretched than in unstretched regions. 
A second factor in the evolution is the lengthening in one direction of the 
fibers leading from the sensoiy ending to the motor cell, and the distribu- 
tion of such fibers to specific effector cells, rather than indiscriminately 
through a widespread net. Parker . suggests that the lengthening of 
the fibers, so that the cells which were originally close together have 
come to be widely separated from each other, accounts for the origin of 
the synapse. As the cells migrated from each other they lost contact 
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with each other. In the attempt to reestablish connectionsv they have 
been but partially successful. 

A. R. Moore (following the method employed by Langley) has pre- 
sented evidence of a physiological character indicating a rather regular 
progression in the development of the synapse in different animal phyla 
by the use of strychnine. This drug has the property of increasing the 
reflex excitability of many animals, and it has been assumed that this 
effect is the result of a lowering of synaptic resistance. The drug has 
no effect upon the neuromuscular responses of the coelenterates, slight 
effects upon the responses of echinoderms, and much greater effects upon 
the responses of Mollusca and Crustacea. If our present idea is correct, 
that a nerve impulse is passed on from one neuron to another through 
the medium of some humoral agency, it is only reasonable to suppose 
that there has been a distinct evolution of this function. It is very 
evident that much investigation is still necessary to explain the action 
of strychnine and other drugs in these neurohumoral systems. 

Chemical Differentiation in the Nervous Systems of Invertebrates. — 
Moore has called attention to the fact that the differentiations of the 
nervous systems of the invertebrates are not alone structural in character. 
Here and there in the animal kingdom there is evidence that the nervous 
tissues show evidence of chemical differentiation. It would, of course, 
be natural to expect to find something of this sort if there has been any 
real evolution in the animal kingdom. Moore found that in the cephalo- 
pod Loligo pealii caffeine brings about a hypersensitivity of the cerebral 
ganglia, while camphor affects the stellar ganglia alone in the same sense. 
Atropine causes spasms in the squid but inhibits the activity of the 
chromatophores. Camphor shows a selective action on the central 
nervous system of the shrimp Crangon vulgaris , paralyzing the elements 
which function in backward swimming movements and exciting those 
which control forward movements. 

The Neuron Theory. — ^The present understanding is that the nervous 
systems of all the higher animals are composed of units called neurons. 
This idea had its origin in the work of Golgi (1882-1885) and has been 
supplemented and confirmed by the studies of many investigators. The 
neuron is a nerve cell (Fig. 105) together with all the protoplasmic 
processes which arise from it. It is probably the most highly differenti- 
ated type of cell. It has to perform all of the fundamental physiological 
functions which are a part of the activity of any other kind of cell, but 
it probably has rather more than the common burden in this regard 
because of the large mass of the cell body and the great length of its 
many processes. In addition to the general functions involved in the 
maintenance of its protoplasmic structure, it has to perform highly 
developed special functions. The nerve cell is more highly differentk 
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'atedj not only in form, but in' its, internal structure, and 'eiemical, and 
pliysical balance. Its protoplasm is in a condition of extreme irritability 
and instability. 

There is a great deal of variation in the structure 
and physicochemical balance of neurons associated 
with position in the animal kingdom and the particular 
roles which they may play in the life of the individual. 

While there is evidence of a great advance in structural 
complexity of the individual cells in the progress from 
lower to higher forms, there is undoubtedly a more 
striking increase in the complexity of arrangement of 
the neurons in the building up of the more complicated 
nervous systems. There is also, less evident to be sure, 
a very great increase in the degree of irritability and 
instability as one passes from lower to higher forms. 

In a brief statement of the essentials of the neuron 
theory, in general, the statement of Heidenhain may 
be followed. 

1. The neuron of the adult body is an anatomical 
unit and corresponds to a single cell. 

2. The neuron is a genetic unit and had its origin in 
a single embryonic cell. 

3. The nervous system as a whole is made up of 
these units, very systematically arranged and organ- 
ized, and these elements are the only elements in the 
nervous system which play any part in nervous 
activities. 

4. The neurons are not only morphologically dis- 
tinct and separate in origin, but they remain so during 
life. They do not at any time have any protoplasmic 
continuity or fusion with each other. 

5. The neuron is a trophic unit. Any event which j^euron. d, dendrites; 

affects the metabolic processes of any part of the unit c, cell body; ^ xm- 
afifects the whole but does not directly affect units ^proceS^\om 

adiacent to it. Destruction of the nucleus and cell axon; my, myelin 

body destroys the whole neuron. wann's sheatb; ter, 

6. The neuron is the functional unit of the nervous nerve ending. (From 

. Schneider,) 

system. 

There is a great deal of structural variation among neurons according 
to their position in the animal kingdom and the particular part which 
each is to play in the life of the individual. They have been variously 
classified as to form, as monopolar, bipolar, multipolar, etc., cells. 
Prom a physiological point of view, this seems less important than to 
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recognise the roles which the neurons play in receiving stimuE from 
without and transmitting impulses toward the nervous mnieis (afferent 
n^wotis), carrying impulses from a cell body located in the central 
system to some effector structure such as muscle fiber or gland cell 
(efferent neuTom) ^ or in transferring impulses from one neuron to another 
within the same central system (internuncial, or adjustor , neurons). 

The relative merits of the nervous systems of the higher and lower 
animals lie, not alone in the larger number of neurons involved in the 
structure of the nervous system of the higher animal, but also in the 
fact that each individual neuron is a more complex structure, having a 
larger number of highly branched processes; while in the lower animal 
there is a smaller number of processes with fewer branches and so 
less possibility of entering into close relations with a large number of 
cells. 

Each neuron has projecting from the cell body two kinds of processes. 
The first of these are the dendnfes (Pig. 106). These are very much 
branched and form a shrub-like mass conducting impulses toward the 
cell body. The other type of process is the neurite, usually a single long 
process which conducts impulses outward from the cell. The neurite is 
usually very little branched, such branches as do arise coming off at right 
angles to the main axis, until at its distal end it breaks up into a terminal 
brush of minute fibrils. 

Neurofi.brils. — Since the time of Remak (1843) the existence of very 
fine fibrils within the protoplasm of nerve cells and nerve fibers has been 
acknowledged. The unipolar nerve cells of earthworm and leech con- 
tain a complicated network of fibrils which are continuous with fibrils 
extending along the nerve fibers. This network of fibrils has also been 
demonstrated in the living nerve cells of a jellyfish. The fibrillar path 
has been supposed to be continuous from a sensory cell upon the body 
surface, through the central ganglion to a termination in a muscle. The 
neurofibrils came to be looked upon as the essential elements in the 
organization of the nervous system and the cells as incidental structures 
over which the fibrils pass, either as supporting structures or as the true 
conductors of nervous impulses. 

H'eurofi.brils as Factors in Metabolism. — Recently G. H. Parker has 
suggested that the fibrils may play a role in the distribution of metabolic 
influences of the nerve cells, rather than in nervous conduction. These 
influences start in the region of the neuronic nucleus and spread over the 
lines of neurofibrils throughout the whole neuron. What the metabolic 
influences are it is impossible at present to say. Parker says: 

: i The hypothesis that neurofibrils are the parts of the neurone especially con- 
cerned with the metabolismpf its more distant parts is not only supported by the 
distribution of these fibrils withm the neurone but also by their course of develop- 
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ment. Two important facts stand out in the developmental history of the 
neurofibrils : first, their initial appearance is in close proximity to the neuronic 
nucleus, and, second, they develop while the neuroblast is gradually changing 
into a neurone and some time before nervous functional activity has appeared. 
Both these facts are without special meaning if we assume neurofibrils to be con- 
ductors of nerve impulses, but both are significant if we believe the fibrils to be 
concerned with metabolic influences, for these influences emanate from the 
nucleus and must be of first importance in the early stages of neuronic growth 
and before nervous activity has begun. 



Fig. 106. Fig. 107. 


Fig. 106. — Pyramidal neuron (Type I of Golgi) from the cerebral cortex of a rabbit. 
The axon gives off numerous collateral branches close to the cell body and then enters the 
white substance, within which it extends for a long distance. Only a small part of the axon 
is included in the drawing, a, axon; 6, white substance; c, collateral branches of axon; 
d, chief dendrite; p, its terminal branches at the outer surface of the brain. {From Herrick^ 
after Ramdn y Cajal.) 

Fig. 107,-“Synapse between an ascending fiber entering the cortex of the cerebellum and 
the dendrites of a Purkinje cell. {Redrawn from Herrick, after Ramdn y Cajal,) 

The Ssmapse. — ^Between the protoneurons, ■which constitute the 
nerve net of the lower metazoa, there appears to be definite protoplasmic 
continuity, the protoplasm of one cell being definitely continuous with the 
protoplasm of its neighboring cells. This is not now thought to be true 
in so far as the neurons of the nervous systems of the higher animals are 
concerned. Here, the processes of the cells do not have contin'uity (Fig. 
107), though there may be contact. There is, however, a form of 
physiological continuity such that an impulse may be transmitted from 
one cell to another. The centrifugal neuritic branches come into con- 
tact or close relations -with the muohrbranched centripetal dendrites of 
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one or more neurons. No true protoplasmic continuity exists between 
the cells; there is always between the protoplasms of the two cells the 
barrier of two cell membranes. These, together with any material 
which may lie between them, constitute the synaptic membrane. There 
is, consequently, no passage from one cell to another of neurofibrillae. 

Axon Tenninais as Glands. — During very recent years evidence has 
been accumulating to support the idea that the axon terminals of a dis- 
charging neuron act as miniature glands. These produce some substance 
which can stimulate the dendritic tips of the next neuron and thus initi- 
ate another impulse. Such substances are called neurohumors. Among 
these are acetylcholine, sympathin, adrenalin, and some of the secretions 
of the pituitary gland which are known to activate animal effector cells. 
Without doubt there are numerous as yet unrecognized substances, some 
water-soluble and some oil-soluble, which act as nerve stimulants. 
Similarly, these substances are also supposed to act at the motor end 
plates upon muscle fibers and thus to serve as the immediate stimu- 
lators of the contractile substance. Such action involves, not only a 
flash-like appearance of acetylcholine, for example, but its disappearance 
during the very brief refractory period. The disappearance can be 
accounted for by the concentration on nerve endings of a cholinesterase 
which rapidly inactivates the acetylcholine when and where produced. 
Through beautifully conceived and executed experiments, it has been 
found that in a sympathetic ganglion acetylcholine can be caused to 
appear by stimulation of the preganglionic fiber. The amount of 
acetylcholine liberated per impulse per ganglion cell was found to be 
of the order g., equivalent to about 3,000,000 molecules. Also, the 
amount of acetylcholine liberated by a single impulse by the nerve end- 
ing upon a single voluntary muscle fiber has been found to be of the 
same order of magnitude, 10“~^® g. 

Integration of Animal Bodies. — In the protozoan it has been seen how 
the different portions of the body come to be integrated into a unified, 
purposive machine through the medium of the so-called neuromotor 
apparatus. 

In the multicellular animal there comes, along with increasing differ- 
entiation of parts, a corresponding increase in the need for some means 
by which the different parts and activities of the organism shall be coordi- 
nated. Teamwork on the part of the different organs and tissues of the 
animal body is essential if the organism is to be successful in its living; 
and this teamwork must extend, not only to the larger and more 
conspicuous organs> but even to the individual cells which make up the 
organ..,...' ' ^ v ■, ' 

That complexity of organization may be attained in a variety of ways 
; ; wiE be recognized; there may be considerable differentiation of parts, 
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even within the limits of a single cell, as seen in the neuromotor apparatus 
of the higher protozoa. There may be extreme differentiation between 
the cells composing the bodies of the multicellular animals; or instances 
may be found where there is an extreme of cellular differentiation coupled 
with an extreme of intracellular differentiation, as is certainly true in 
the nerve cells of the higher animals. There can be no question that the 
individual cells of the sponge are less highly developed than the single cells 
of some of the protozoa, and yet there is a tendency to look upon the 
sponge as a higher form than the protozoan because of its multicellular 
condition and the occurrence in it of cells of different sorts, each with its 
own special work to do. 

Two principal methods of establishing correlations between different 
and distant portions of the animal body have been established: 

1. There has been developed a more or less highly differentiated nerv- 
ous system, whose control not only extends to the activities of organs 
but may involve individual cells. 

2. There has been developed a chemical control of body tissues through 
the production in the tissues of the body of substances of the drug type. 

Of these two methods the earlier to be developed was undoubtedly 
the nervous system. 

It is recognized that the nervous system is a mechanism which is not 
entirely independent of other structures in the body but is at all times 
in more or less direct association with the various specialized cells which 
act as the receptors of impulses from wdthout, on the one hand, and 
with the various effector cells, such as gland and muscle cells, on the 
other. Thus, the central nervous system, commonly so called, is simply 
one part, a most important part to be sure, of a receptor-adjustor-effector 
mechanism, a neuromotor apparatus. 

It will be discovered that there are great variations in the degree to 
which certain types of nervous elements have become incorporated within 
the bounds of the central nervous system. 

Range of Ethereal Vibrations. — If the various wave lengths of all the 
various ethereal waves, from the shortest cosmic waves and radium 
waves, up to the longest Hertzian waves, should be plotted in the form of 
a spectrum, it would be noticed that the part of the spectrum which is 
visible occupies only a very small part of the' whole. There is apparently 
no other portion of this spectral range for which the human body has 
developed any receptors at all. There is a possibility that the skin 
may contain receptors sensitive to some of the infrared rays; but, in 
general, it may be said that our temperature sensations come from some 
change in the rate at which heat is being radiated from the body or from 
the impact of radiations of variops sorts upon the body surface, with 
the result that there is a blocking of the radiation and a degradation 



528 


TEXTBOOK OF COMPAMATIVE PHYSIOLOGY 


Cosmic Rays 

Regionof 

Roerrl^'en 

Rays 

Unexplored 

Region of 
UHra Viblef 
Rays 


of the energy into heat. For all the rays, from 
the cosmic up to the violet rays and from the 
extreme border of the red out to the long 
Hertzian waves, we have no organs of percep- 
tion. The spectrum (Fig. 108) is an attempt 
to convey some idea of the very narrow limits 
of the visible spectrum as compared with the 
total range of ethereal waves. It is to be 
noted that, in passing from the cosmic waves 
toward the other end of the scale, the length of 
the wave at any scale division is roughly double 
that of the next preceding division. Some 
of the Hertzian waves at the extreme end of 
the series are as much as 12 km. in length. 

Classes of Receptors and Their Limitations. 
Attention has already been directed to the vast 
number of wave lengths of the vibrations which 
take place in the ether and the extremely 
limited range of such vibrations which animals 
generally are able to receive. The ethereal 
vibrations constitute but a small fraction of the 
total number of impulses which beat upon 
animal bodies. The cells whose function it is 
to receive these vibrations are called receptors. 
The bulk of information in regard to these 
structures has come from a study of the recep- 
tors of human beings. It is not possible to 
know very much about the actual sensations 
of the lower animals. From what may he 
observed of the behavior of the lower animals, 
the impression is gained that naany of them 
are sensitive to a great many of the stimuli 
which aiBfect the human being. It is undoubt- 
edly true that the human being is sensitive to 
some impulses which make no impression upon 
many of the other animals. It is equally true 
that many of the lower animals may receive 
and respond to stimuli to which human beings 
are wholly indifferent. 

As they occur among higher animals, recep- 
tors may be classified as follows: 

1 Note that the scale values mdicatiug /wave lengths double with each division passing from the 
shortest toward the longest waves, Xh^ visible .spectrum occupies^ an almost insignificant portion of 
the total spectral range. 


0 . 
0.0SA 

Q2D « 
0.40 » 
0.80- 
|.80» 
m-' 

a40 
fiso 
25 . 
SO , 
100 ■ • 
200 - 
400 « 
800 • 
{600 * 
3200 « 
6400 •’ 

1.28 /t 

2:5 
5 
10 
20 
40 
80 
160 
320 
'640 

0.128 cm.- 

0.25 
0.50 

I 

4 

a 

f& 

32 
64 
128 
250 
500 
10 1 
20 
40 
80 
160 


Fig. 108. — A charts of the 
spectrum of ethereal waves 
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1. Exteroceptors (somatic receptors): 

а. Ghemoreceptors: 

General chemical sense. 

Smell. 

Taste. 

It is the function of these receptors to determine the presence in the 
immediate environment of substances in either the molecular or ionic 
state. ; 

б. Contact receptors; 

Touch. 

Pressure. 

Pain. 

These are sensitive to contact with the body of solid or liquid substances 
and may respond to vibrations of the substances from very slow up to 
1500 or more per second. The strength of the stimulus may determine 
whether the sensation be one of touch or pain. 

c. Temperature receptors: 

Heat. 

Cold. 

These determine whether some substance in the bodily environment is 
warmer or colder than the skin. Herrick states that they are able to 
receive waves having wave lengths of from 7.6 X 10~^ mm., to 320 yx 
and rates of vibration of from 3 X 12^® to 8 X 10^^- These waves are 
in the infrared region of the spectrum. 

d. Sound receptors. 

These receive vibrations of air or water of from 12,280 to 13 mm. in wave 
length, and of from 30 to 30,000 vibrations per second, and give sensations 
of sound, or musical tone. 

e. Light receptors. 

These are receptors giving sensations of light and color. They have 
rates of vibration of from 4 X 10^^ to 8 X 10^^ per second, and wave 
lengths of from 4 X 10~® to 7.6 X 10“® mm. 

/. Position receptors. 

Receptors usually are actuated by the force of gravity and give informa- 
tion as to the position of the body with respect to the earth. 

2. Interoceptors: 

а. Hxmger. 

This is due to muscular contractions of stomach walls. 

б. Thirst. 

The sensation is felt in the throat. Prolonged want of water may give 
rise to general body sensations which can be relieved only by intake of 
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TMs is associated with antiperistalsis. 

d. Respiratory sensations : 

Suffocation, etc. 

^. Circulatory sensations: 

Pressure, flushing, heart symptoms, etc. 

/. Sexual sensations, 
g. Visceral pain. 

/i. Proprioceptors. 

These are located in muscles, joints, and tendons. 

The bounds of this course do not permit entering into a discussion of 
the structure and functions of the many different forms of receptors 
found in different animal groups. 

Each of the types of receptors named above responds to a particular 
type of stimulation of an intensity far below that which would be required 
to stimulate the nerve fiber directly, and gives to the organism a degree 
of information concerning environmental conditions that could not be 
otherwise obtained. The receptors thus form a mechanism designed to 
lower the so-called threshold of stimulation. 

Threshold of Stimulatiom-~-PrGtoplasmic cells not only are limited 
in the range of vibrations or wave lengths to which they are sensitive 
but respond only to stimuli of a certain minimum intensity. The mini- 
mum intensity required to excite a nerve to activity is spoken of as the 
threshold value. The term may be applied in the case of the stimula- 
tion of a receptor by the natural stimulus to which it is attuned or, in 
the case of nerve, to the minimum electrical stimulus which will induce 
a reaction. 

The Law of Specific Nerve Energies. — From what has been said it 
will be surmised that nerve impulses are all fundamentally alike, and 
yet the sensations which arise as the result of these nerve impulses are 
not all alike. The specific effects of the excitation of different nerves 
are due to the differences in the end organs. Stimulation of the optic 
nerve, for example, always gives the sensation of light, no matter what 
method of stimulation is employed; similarly, stimulation of the auditory 
nerve, by whatever method, always gives the sensation of sound; stimu- 
lation of the chorda tympani nerve, by whatever method, always gives 
the sensation of taste. To this type of behavior has been given the 
rather misleading name, the law of specific nerve energies^ first enunciated 
by Muller. 

The Iron-wire Model.— Ralph Lillie has devised an iron-wire model 
which illustrates in a remarkable way many phenomena associated with 
nerve action. A piece of pure iron wire may be rendered ^^passive^^ by 
immersing it for a time in strong nitric acid and transferring it to weak 
acid. This yrire is then placed in a tube with the ends of the wire pro- 
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Jecting through the stoppered ends of the tube. The tube is then filled 
with strong nitric acid of about 70 per cent concentration (volumes per 
cent of HNO3, specific gravity 1.42). 

Period of Activity , — This wire may now be activated by bringing into 
contact with it, through a side opening of the tube, a piece of ordinary 
iron or zinc. This contact initiates a local reaction accompanied by 
the liberation of gas and a dulling of the surface of the wire. This reac- 
tion passes along the wire in both directions from the stimulated point. 

Period of Recovery : — ^After an activity of a second or two the reaction 
ceases and the iron wire returns to its passive condition. The duration 
of the reaction at any point depends upon the concentration of the acid 
above 52 to 54 per cent (the critical limit). In weaker acids the reaction 
goes on without interruption until the metal is wholly dissolved. Repas- 
sivation is a somewhat gradual process. Following immediately upon 
the period of activity, there is a period in which the iron wire exhibits a 
partially refractory phase, ia., a second almost immediate stimulation 
fails to bring about activation of the wire for more than a very short 
distance. If the wire is left undisturbed in the acid for a longer interval, 
it gradually recovers its power of transmission, and eventually, after an 
interval varying with the concentration of the acid and the temperature, 
the activation wave may be transmitted through an indefinite distance 
as before. 

The return of complete transmissivity in 55 per cent acid occupies 
less than a minute (at 20°) ; in stronger acid it is more gradual, requiring 
in 90 per cent acid 20 minutes or more. This ^^complete recovery time'^ 
is nearly proportional to the excess of concentration of acid above the 
limiting value of 53 to 54 per cent. 

In a given solution of acid the rate of recovery exhibits a temperature 
coefficient closely similar to that of most chemical reactions at this 
temperature (3 to 20°) and also to that of the rate of recovery (refractory 
period) of irritable living tissues after stimulation (Qio = about 3). 

Two definite phases are distinguishable in the recovery process: 
(1) the redeposition of the continuous passivating surface layer (of oxide 
or oxygen compound); and (2) the progressive change of the newly pas- 
sivated wire from the state of incomplete to that of complete transmis- 
sivity. The former phase is of brief duration and is indicated by a sudden 
change in the electrical potential of the wire, from that of active to that 
of passive iron; this phase is succeeded by the second and more prolonged 
period during which the passivating layer undergoes the progressive 
alteration associated with the recovery Of transmissivity. This altera- 
tion appears to consist in a progressiye> thinning of the passivating film 
until a minimal thickness of (probably ; Tmolecule) is attained. Further 
thinning is prevented by local electrocheihical oxidation. 
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The phenomena of partial or limited transmission during the second 
phase of the recovery process show a close correspondence with the 
phenomena of conduction, with decrement in irritable living tissues such 
as nerve. One may note also other analogies with the_^ behavior of irri- 
table tissues (threshold phenomena, distinction between /TocaP Valid 
propagated^’ effects, summation effects resembling electrotonus, etc.). 

If one uses acid of 60 to 80 volumes per cent of HNOs of 1.42 specific 
gravity and iron wire containing less than 0.02 per cent carbon in the 
performance of this experiment, a regular rh3rthmic activity will be set 
up. Dr. Lillie found that the rhythm is dependent on transmission from 
a continuously active or pacemaking region (analogous to the nodal 
region of the heart), the interval between the successive waves of activa- 
tion being determined by the duration of the temporarily nontransmissive 
or refractory period of the wire. This period in the pure iron wires used 
lasts for less than 1 second in 70 volume per cent HNOs at 20®. The rate 
increases with increase in the area of the pacemaking region; this area is 
controlled by inserting the end of the freely suspended wire for varying 
distances inside a narrow glass tube; the enclosed region remains con- 
tinuously active, and from it waves of activation travel at regular inter- 
vals over the rest of the wire. Under otherwise equal conditions the 
rhythm increases with increasing concentration of HNO 3 (between 55 
and 80 volume per cent) and with rise of temperature between 10 and 
30® (Qio — 2.5 to 3.0). Rendering the pulsating wire cathode acceler- 
ates the rhythm; rendering it anode retards and with suflScient current 
arrests the rhythm. 

Elementary Functions of the Excitable Tissue. — The nervous tissues 
may be excited by a variety of stimuli, as has been already pointed out. 
The passage of an electrical current through a portion of a nerve or muscle 
fiber results in a local change which is limited to the region through which 
the current flows. In order to produce any effects in a remote part, it 
must attain a certain intensity. If the intensity of the current is suffi- 
cient, a disturbance will be set up in the fiber which will be conducted from 
the point of disturbance over the whole length of the fiber. The local 
change in the fiber has been called by Lucas the local excitatory process. 
The resulting disturbance which passes over the tissue has been named the 
propagated disturbance. This is the phenomenon commonly called the 
nerve impulse. 

Fiber Diameter and Conduction Rate. — definite relationship exists 
between the diameter of the nerve fiber and the rate of nervous conduc- 
tion, the impulses passing more rapidly in the fibers of larger diameter. 
A study of records of nerve action currents of the muscular and cutaneous 
branches of the femoral nerve of the dog and of sldn nerves of the bull 
frog shows that there are four waves in the action currents of a mixed 
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nerve; and histological examinations of the nerves show also four aggre- 
gations of nerve fibers (distinguished as a, 7, S) one of which is non- 
myelinated. Erlanger believes that the a fibers convey motor and 
muscle-sense impulses; the jS and 7 fibers probably mediate touch and 
temperature impulses; and the 5, sensory fibers, probably not myelin- 
ated, mediate pain. 

■ Electric Responses of Sensory Nerves. — It has also been found. pos- 
sible to record under identical conditions electric responses accompanying 
single impulses from skin and muscle receptors, by leading off from a 
nerve which by branching supplies each type of receptor. Considerable 
differences exist between the electric responses accompanying cutaneous 
and proprioceptor impulses. Double 'V responses have been found, 
and are thought to be due to the discharge of two end organs that are 
in some way synchroni25ed. It is possible to sort out impulses coming 
from muscle and skin by the differences in their electric response. Cuta- 
neous impulses in the frog appear to travel in the potential wave 
(described by Gasser and Erlanger) and the proprioceptor impulses in 
the a wave. The constitution of these nerves lends support to the view 
that conduction rate and fiber diameter are related. 

Chronaxie. — In connection with the work upon the heart and upon 
muscle there was discussed at some length Lapicque’s theory of chronaxie. 
The principles stated there are believed by Lapicque to apply generally 
in the coordinated activities of the nervous system. He had pre\dously 
stated that conduction between two anatomical units is possible only 
when they are ‘^isochrone,’’ i.e., when the chronaxies are equal or at 
least within a ratio of 1:2. As the result of further experimentation 
Lapicque has found that changes may occur in the chronaxie of a nerve 
or a nerve center as a result of peripheral stimulation. He, therefore, 
suggests that as the constitutional chronaxie of a tissue is subject to 
modification through nervous influences, coordination in the nervous 
system depends upon appropriate modifications of chronaxie and the 
opening and closing of nervous pathways. 

It has also been shown by Lapicque and his associates that in the 
frog sciatic nerve the diameter of the largest fibers is 16 to 18 not 20 fx 
as reported in 1913. The diameter of the fibers going to the gastroc- 
nemius is 12 to 13 ju. This does not mean that there is a regular decrease 
in the number of large fibers at lower levels. This fits in with the 
finding of the Lapicques that the muscles of the thigh have a shorter 
chronaxie than those of the leg and with the results of M. Lapicque 
showing an increase in the chronaxie toward the extremities. The nerve 
fibers supplying the sartorius and the gastrocnemius have approximately 
the same diameter. In fresh muscle the chronaxie of the two muscles is 
the same. All the corrections which are made of previous measurements 
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oiily more strongly affirm the original conclusion of 1913 that the 
ehronaxie of nerve fibers is a function of their diameter. 

Attending Local Excitation.— Although there has been 
a great deal of investigation of nerve action, as yet there is not a thorough 
understanding of the nature of this local excitatory process, though there 
is some knowledge of certain phenomena which attend this excitation. 
Among the attendant phenomena are electrical changes in the nerve 
fibers and the production of small amounts of carbon dioxide. A. V. 
Hill found that the heat production involved in a single propagated dis- 
turbance must be less than 0.00000001"^ Celsius. He believes, therefore, 
that the propagated disturbance is not the result of an oxidative reaction. 
On the other hand, it has been very generally recognized that oxygen is 
essential for the continued activity of nervous tissue. It may be worth 
considering whether there is here an oxidative reaction in which there is 
a very high efficiency in the production of nervous energy, similar to the 
higher efficiency of the oxidative process taking place in light-producing 
organs. 

Metabolic Processes of Nerve. — The nature of the nerve impulse and 
its transmission have been looked upon by many as insoluble mysteries. 
In fact, up to 1850 it had not been deemed possible even to measure 
the rate at which the nerve impulse travels; but in that year Helmholtz 
determined that in the frog the impulse travels at about 29 m. per second. 
The possibility that the passing of a nerve impulse could be explained 
in terms of chemical action incited the imaginations of many physiologists. 
Attempts have been made to show that: 

1. Oxygen is necessary for nerve action. 

2. Carbon dioxide is produced during nerve action. 

3. Changes in the structure of nerve cells occur as the result of nerve 
action. 

4. Heat is given off during nerve action. 

5. Electrical changes take place during nerve action. The last one 
of this list was the first one to be proved. 

Effect of Lack of Oxygen upon Nerve. — ^Attention has been called 
to the anaerobic heat production during the contraction phase of muscle 
and the aerobic heat production of the relaxation phase. Girard has 
attempted to analyze the phases of heat production in sciatic nerves of 
the frog and determine whether they correspond with those of muscle. 
When the nerve is placed in a nitrogen atmosphere, the heat produced 
by nerve activity falls progressively to extinction in 2 to 3 hours. Initial 
and delayed heat fall together, so that their ratio remains unchanged. 
The heat produced during rest is; also diminished. In the nitrogen atmos- 
phere the 'Hotal action current ’Halls, but the fall does not closely parallel 
that of heat production. When oxygen is x^eadmitted, both heat produc- 



TEE PHYSIOLOGY OP COOEDINATION 


MB 


tion and action current rise during 1 to 2 hours toward their original 
value. Girard's experiments indicate that there is in the nerve a type 
of fatigue; thM the two phases of heat production do not correspond 
exactly with those of muscle; that the glycogen-lactic acid system of 
muscle is probably not duplicated in nerve; and that the continued 
activity of nerve for some hours in nitrogen may be due to possessing an 
“ oxidizing reserve. 

' Oxygen Consumption of Nerve.— Measurements' of oxygen , use and 
carbon dioxide production by nerve are exceedingly exacting. A frog 
nerve, when electrically stimulated at the rate of 100 per second, con- 
sumed 0.268 cu. mm. more oxygen per gram of nerve per minute than when 
at rest. When the rate of stimulation was increased to 200 per second, 
0.315 cu. mm. was used (Fenn). 

Another series of determinations showed a resting rate of oxygen 
consumption of the excised sciatic nerve of the frog to be 1.23 cu. mm. per 
gram of nerve per minute. During stimulation with an induction coil, 
with 100 make and 100 break shocks per second, there is an excess oxygen 
consumption amounting, on the average, to a 26 per cent increase over 
the resting rate. The magnitude of the excess oxygen consumption in 
stimulation, in agreement with the ali-or-none law, is not markedly influ- 
enced by considerable variations in the intensity of stimulation. Increas- 
ing the frequency of stimulation from 100 to 200 shocks per second 
increases the extra oxygen used only 1.12 to 1.28 times. The same change 
in frequency of stimulation increases the negative variation 1.15 times 
and the heat production about 1.25 times. This parallelism between 
the excess oxygen and the negative variation argues definitely for some 
causal connection between the excess oxygen and the nerve impulse itself. 

The lateral-line nerve of the dogfish has a resting oxygen consumption 
of about 0.001035 cc. per gram per minute, which is increased about 20 per 
cent on stimulation. Smaller nerves have a higher resting consumption 
and show a greater increase on stimulation than larger nerves, possibly 
due to oxygen lack in the centers of large nerves. Nearly a quarter of 
the oxygen consumption on stimulation occurs during the recoveiy 
period, which lasts 10 to 30 minutes. The resting respiratory quotient 
averaged 0.83 and that of the excess metabolism of stimulation, 0.78; 
but when the CO 2 is determined, the CO 2 tension is continually mounting 
and therefore some CO 2 is retained by the nerve. Calculation shows that 
this may be sufficient to indicate a true respiratory quotient of nearly 1. 

When the oxygen consumption of nonmedullated nerves of inverte- 
brates is compared with that of frog medullated nerve, it is found (Myer- 
hof and Schulz) that the nerve of the: crab Maia consumes about 10 times 
as much oxygen as resting frog nerve* Octopus nerve uses about half 
as much oxygen as that of Maia. 
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The anaerobic lactic acid production of nonmedullated nerves is 
extraordinarily high. On electrical stimulation there is an extra con- 
sumption of ox^^-gen which may outlast the stimulus for an hour or more. 
On account of local fatigue, a 5-minute stimulation may show as great 
oxygen consumption as a 10-minute stimulation. Oxygen consumption 
increases as the frequency of stimulation is lowered. With a frequency 
of 10 stimuli per second, the extra oxygen used equals 23.10"’® cc. per 
impulse for each gram of dry weight. This is about 20 times the amount 
required for frog nerve, 

Gerard also found that the resting oxygen consumption of isolated 
frog sciatic nerve at 14.7^0. is 16 cu. mm. per gram per hour for Rana 
esculenta (variation 11 to 21) in winter, 21 in spring; for Rana temporaria, 
23 (variation 17 to 27) in winter, 28 in spring. The values of right and 
left nerves from one frog agree within 10 per cent. The respiratory 
quotient at rest is 0.77, Stimulation with maximal induction shocks at 
280 per second for 22 seconds every 4 minutes leads to an extra oxygen 
consumption of 61 cu. mm. per gram per hour stimulation (variation 
48 to 91). The oxygen consumption corresponding to the heat produc- 
tion of activity is 48 cu. mm. It appears that all the energy liberated 
by nerve during rest and activity is obtained ultimately by the oxidation 
of ordinary foodstuffs. The respiratory quotient of the extra metabolism 
of activity is 0.97. When stimulation with induction shocks is contin- 
uous instead of intermittent, the oxygen consumption per gram per hour 
stimulation is only 18 cu. mm., but this value is maintained for hours, 
suggesting that nerve undergoes, as a result of activity, a process of 
rapid but limited decrease of ability to yield further activity, for which 
phenomenon the term ^'equilibration^’ is suggested. The oxygen dif- 
fusion into these nerves is shown to be adequate. Nerves kept in nitro- 
gen develop an "oxygen debt,” which is greater after 2 hours in nitrogen 
than after 3^ hour ; controls with dead nerve show that this is a vital effect. 
During 20 hours in nitrogen nerves actually produce about 10 per cent 
as much GO 2 as they would in the same time in oxygen. 

Carbon Dioxide Production by Nerve. — Measurement of the amounts 
of carbon dioxide produced by the nervous elements during work or rest 
has proved to be very difficult. Tashiro (1913 and 1917) devised a 
special apparatus (biometer) by which he believed it possible to detect 
and measure even the small amount of carbon dioxide given off by a 
quiescent, or by an active, nerve. The apparatus consisted of a small 
chamber in which the object to be tested could be placed above a drop of 
barium hydroxide in an atmosphere free of carbon dioxide. Tashiro 
contended that, if carbon dioxide were given off, crystals of barium car- 
bonate would be formed on: the surface of the drop and that the produc- 
tion of the crystals would be so regular that the method could be used 
for the quantitative determination of the carbon dioxide produced. He 
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found that 10 mg. of nerve of the spider crab gave 6.7 X 10“"^ g. of carbon 
dioxide in 10 minutes; and that, upon stimulation, this amount was 
increased to 16 X lO"”^, nearly three times as much. 

Bayliss was very critical of Tashiro's method and results and expressed 
the idea that Tashiro had not been successful in measuring the carbon 
dioxide of nerve alone. Moore had also attempted a determination of the 
carbon dioxide production of nerve by means of an indicator method 
but was not able to convince himself that there was any increase in the 
production of carbon dioxide when the nerve was stimulated. 

Parker has made a reinvestigation of the whole matter, using several 
different sorts of nerve. He made use of an indicator method in which he 
noted the change in color of a solution of phenolsulphonephthalein from 
pH 7.78 to pH 7.36. The time required for this shift in color was the 
time required for the production of a given amount of carbon dioxide, 
and usually ranged fi’om 10 to 20 minutes. In the apparatus used the 
amount of carbon dioxide needed to produce the color change was found 
to be 0.020064 mg. In another type of apparatus used when the nerve 
was to be stimulated, the amount of carbon dioxide needed to bring 
about the color change was found to be 0.019866 mg. The apparatus 
was found to be sensitive to 0.001 mg. carbon dioxide and was about 
one-tenth as sensitive as Tashiro claimed his apparatus to be. 

Parker first made use of the lateral-line nerve of the dogfish, Mustelus 
canis. This is one of the few pure nerves to be found among the verte- 
brates. He found that, when the nerve is first placed in the respiratory 
chamber, there is a rapid discharge of carbon dioxide, and this is followed 
by a steady outflow which may continue for a number of hours. Parker 
is of the opinion that the gush of carbon dioxide, when the nerve is first 
placed in the chamber, is due to carbon dioxide which has saturated the 
nerve and its liquid environment and is perhaps being held mechanically 
by the tissue and that the steady outflow represents the regular, slow 
production of carbon dioxide by the nerve. Cutting or crushing the nerve 
causes a gush of carbon dioxide similar to that which occurs when the 
nerve is first placed in the chamber. Ordinary handling of the nerve 
does not have this effect. Nerve which has been boiled gives off a small 
amount of carbon dioxide for an hour or two, and then stops. The 
amount of carbon dioxide produced by a quiescent living lateral-line 
nerve of the dogfish was found to be, on the average, 0.0095 mg. per 
minute per gram of nerve. This figure is somewhat higher than that 
obtained by Tashiro, 0.0067 mg. per gram of nerve per minute in the 
case of the spider crab and 0.0055; mg. per gram of nerve per minute in 
the case of the frog. 

Parker found that all nerves;showed an increase in carbon dioxide 
production when stimulated by the electric current, the increase being 
from 14.3 to 16.7 per cent of the rate in quiescence. 
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In a similar way Parker investigated the carbon dioxide production 
in the nerve cord of the lobster Homarus americanus and found that/ 
when it is fresh, it gives off carbon dioxide at the rate of 0.20 mg. per 
gram of cord per minute. This amount falls steadily to a value of 0.07 
mg. per gram per minute within a few hours and ceases entirely to 
give off carbon dioxide with the death of the cord. Stimulation 
increases the rate of production of the carbon dioxide by about 26 
per cent. 

In the frog, Parker found that the nervous elements of the sciatic 
nerve give off carbon dioxide at the rate of 0.008 mg. per minute per 
gram of nerve. Stimulation increases this amount by about 16 per cent. 
Parker also estimated the carbon dioxide production of 1 cm. of an indb 
vidual nerve fiber and found it to be 0.000000042 mg. carbon dioxide 
(4.2 X 10“® mg.). This minute amount he estimates to consist of 578,- 
000,000,000 molecules of gas. 

Parker also found that the rate of GO 2 production by the leg nerves 
of the Louisiana bullfrog is, in milligrams per gram of nerve per minute, 
0.0022 in winter and 0.0034 in summer individuals, an increase of about 
55 per cent. The rate of CO 2 production by lateral-line nerve of the 
dogfish averages 0.0024 mg. of gas per gram of nerve per minute. In 
rates of CO 2 production the distal and proximal portions of the lateral- 
line nerve of the dogfish are indistinguishable. There is no evidence of 
a metabolic gradient in this nerve. The nerve fibers of the lateral-line 
nerve of the dogfish discharge CO 2 at a rate of from 0.0033 to 0.0040 mg. 
per gram of nerve fiber per minute or at a rate some 66 per cent higher 
than that of the nerve as a whole. One centimeter of nerve fiber from 
the lateral-line nerve of the dogfish at rest discharges 1.1 X 10“® mg. 
of CO 2 per minute. On stimulation the CO 2 output is increased by 
1.7 X lO""^ mg. Each impulse in a series of nervous impulses passing 
over 1 cm. of such a nerve fiber liberates approximately 2.8 X 10“^^ mg. 
of CO 2 or about 3,850,000 molecules of that gas. 

In a study of the unsevered vagus nerve of the gopher snake Dry- 
marchon corais couperi (Holbrook), Parker finds that the nerve discharges 
CO 2 at an average rate of 0.00234 mg. of gas per gram of nerve per 
minute. The extremes were 0.0032 and 0.0017 mg. These rates were 
maintained as well when the nerve was separated from its central and 
its peripheral connections as when these connections were intact, showing 
that the resting metabolism of nerve is a local operation and is not immedi- 
ately dependent upon distant connections. These observations also 
point to the conclusion that the passage of normal impulses over a nerve 
calls for an increase of activity that is unobservable by the method 
employed and that must be small in amount compared with that produced 
by artificial stimplatipp. 
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Heat Production by Nerve.— Hill recently succeeded in measuring 
the heat produced by crab nerve, as the result of a 5~ to 10~seeond 
stimulus. Some 98 per cent of this heat occurs in the recovery phase, 
only 2 per cent during the period of actual stimulation; the recovery 
heat production lasts for 20 to 30 minutes at room temperature. There 
is no doubt, therefore, that the process in which the injury current, 
diminished by stimulation, returns to its original value is accompanied 
by a relatively large liberation of energy. 

A striking fact is the small amount of heat set free in the initial phase, 
f.e,, during the passage of the impulse. If we regard the nerve wave as 
accompanied by a surface change in the fiber which momentarily allow^s 
electrical contact to occur between inside and outside (it is difficult to 
picture the '^action current otherwise), then activity will allow an 
equalization of concentration of ions to occur between the two sides, a 
process which must be reversed during subsequent recovery. 

The crustacean nerve, as shown by Levin and by Furusawa, is highly 
fatigable, at any rate in respect to its electric' change. Corresponding 
to this, Meyerhof and Schulz have shown in a recent paper that its oxygen 
consumption is high: Reckoned per gram of dry nerve, when stimulated, 
it is twenty times as high as that of a frog sciatic; at rest, ten times as 
high. In a short stimulus Hill has found the total heat (initial plus 
recovery, spread over half an hour) to be about 2.5 X cal. per gram 
of fresh nerve per second of stimulus, as compared with 7 X lO'”® caL 
for the frog. The crab nerve is nonmeduliated; the fibers of the frog 
sciatic consist mainly of medullary sheath- This may be one cause of 
the large difference between the two. The fact that the crab nerve con- 
tains a far higher percentage of water would work in the opposite direction. 

Whether the striking differences in fatigability, depolarization, recov- 
ery, and energy exchanges between these crab nerves and the sciatic of 
the frog are simply to be attributed to the fact that the former are non- 
meduliated and the latter medullated, only future work can show. The 
central nervous system, which consists largely of nerve cells and to an 
appreciable extent of nonmeduliated fibers, is far more fatigable and 
more dependent on an adequate supply of oxygen than is the peripheral 
medullated nerve. It may well be the case that in the limb nerves of 
the crustaceans we have in such respects a much better model on which to 
work out the elementary properties of the nervous system than we find 
in the ordinary medullated nerve, which hitherto has been chiefly used 
for the purpose. 

Fatigue and Exhaustion. — Much emphasis has been given to the 
claim that it is not possible to fatigue nerve fibers or even nerve cells, 
except under most extreme conditions. Several years ago Smallwood 
and Rogers studied the nerve cells of a number of invertebrates under 
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conditions of Hgh nutrition, starvation, rest, fatigue, etc. They found 
that in the forms studied there are, in the cytoplasm of the ganglion 
cells of well-fed and rested animals, numerous, minute, solid granules, 
often of a yellow or orange color. During starvation or under excessive 
stimulation these granules become reduced in size and number and their 
places are taken by small droplets of clear liquid. Because of the very 
clear appearance of the liquid the spaces in the cell occupied by the drop- 
lets were spoken of as vacuoles. It is, in fact, possible to watch the 
gradual change of phase from granule to liquid droplet in the living cell. 
This can be accomplished by mounting a living nerve cell between elec- 
trodes upon a slide and subjecting it to electrical stimulation. It is also 
possible to see, in cells which are allowed to rest after a period of stimula- 
tion, the rebuilding of solid granules in some of the vacuoles. These 
authors concluded that the granules are substances which are stored in the 
cells during periods of rest and good nourishment, to serve as sources of 
energy for the work which the cells may at any time be called upon to do 
during any period of stress. That they are the immediate source of the 
energy of nervous action seems doubtful; but that they serve as depots of 
reserve material seems plausible. According to these authors, nervous 
fatigue and exhaustion would seem not only to be possible but to be a 
natural consequence of unlimited activity in which the catabolism of 
certain important energy-producing substances occurs more rapidly 
than their anabolism. The presence of a good food supply is not the 
only factor involved in the maintenance of the structure of the nerve 
cells. It has also been found that long-continued stimulation of nerves, 
under conditions of reduced oxygen supply, leads to failure more quickly 
than if an ample supply of oxygen is present. 

In line with the work just mentioned is that of Dye. Fatigue of 
varying intensities was induced in white rats by forced swimming in 
water at body temperature. Microscopical examination of Nissl prepara- 
tions from the cerebellum, cervical cord, and spinal ganglia revealed mild 
but demonstrable nerve cell alterations. Chromatolysis is considered 
as a general reaction of nerve cells, which invariably occurs when the 
normal functional equilibrium of these units is disturbed, and may be 
physiological or pathological in its extent, according to the severity of 
the conditions. In the acute process, fragmentation of the Nissl sub- 
stance is the most prominent feature, while in more slowly developing 
cases dissolution of these fragments almost keeps pace, so that the back- 
ground of the cell becomes generally clouded. 

The Nature of Nerve Action. — ^There is some evidence in favor of 
the idea that the activity of the nerve cell in sending out a nerve impulse 
is analogous to the activity of the muscle fiber. There is a period of 
activity followed by a period of recovery^ In the muscle, these periods 
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are of sufficient length so that they may readily be measured. In the 
nerve, they must be exceedingly short. It is well known that the wing 
muscles of insects contract at the rate of 300 to 400 times per second. 
This rate is maintained apparently without fatigue. Though the interval 
between one contraction and the next is very short, it is long enough to 
provide for those periods of activity and recovery which occur in the 
nerve cells that call the muscle fibers into action. Allowing 300 con- 
tractions per second would mean that there must be in the nerve cell 
the potentiality to repeat the whole cycle at least 300 times per second. 
As a matter of fact, it is doubtful if the contractions of the wing muscles 
of the insects are to be considered as series of single muscle twitches. 
They are more likely to be of the tetanic type, though of very short 
duration. If this is true, each contraction is likely to be the result of the 
application to the muscle of several stimuli, rather than only one. 

G. F. Gothlin has suggested that the nerve impulse is a phenomenon 
which involves both physical and chemical actions. He thinks that the 
Nissl granules of the nerve cells are arranged in a definite series, each 
granule acting as the starting point of a local chemical reaction which 
gives origin to a wave of change propagated along the nerve fiber. By a 
succession of these waves of change, often as many as 136 per second, 
the normal nerve impulses are produced. He regards the nerve fiber 
as a passive conductor, the fibers of the axis cylinder marking the paths 
followed by the chemical changes. He thinks of the medullated sheath 
simply as an insulator and holds that the fibers with the thicker sheaths 
are those of the more rapid transmission. 

Rate of Discharge of Motor Nerve Cells. — There is evidence tending 
to show that stimuli from the motor nerve cells enter the muscles at a very 
rapid rate. It is, of course, recognized that the ordinary contractions of 
skeletal muscles are of the sustained or tetanic type. In order to bring 
about such contractions, stimuli must enter the muscles at very short 
intervals. Various methods have been devised to give information as 
to the frequency of the impulses coming into the muscles. From a 
study of the electrical action currents of muscle, Piper came to the conclu- 
sion that motor impulses must enter human muscle at the rate of about 50 
per second. Forbes has made use of a telephonic method which has 
given important results. He believes that Piper^s figure is too low and 
that the true value is not less than 300 per second, that it may be as 
much as 1000 in certain cases. In the frog muscle the rate seems to be 
about 200 per second and in the muscle of Mytilus about 300 per second. 
These large numbers can hardly be considered as applying to the number 
of impulses passing over any individual nerve fiber but must represent 
the total number of impulses passing asynchronously over a nerve trunk 
made up of hundreds or thousands of separately acting elements. Garrey 
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has found in the heart of limulus a much slower rate of discharge— 12 per 
second. Whether this figure actually represents the rate at which the 
nerve impulses enter the muscle seems a matter of some doubt. As the 
discussion proceeds, it is found that each of the vibrations of the muscle 
involved in its contraction is associated with a separate and distinct 
nervous impulse sent into the muscle; not only that, but each nerve 
impulse is a complex of several phases — local excitatory process, refrac- 
tory period or phase, period of recovery, etc. 

Adrian and Bronk, in their studies of the rate of discharge of impulses 
in motor nerve fibers, made records of action currents from single motor 
nerve fibers and from small groups of muscle fibers induced reflexly by 
mechanical stimulation in decerebrate and spinal cats. The method 
was supplemented by converting the action currents into sound waves 
by means of an amplif 3 dng system and loud speaker. For the flexion 
reflex, leads were taken from the peroneus longus and vastus medialis 
nerves. The former gave a series of impulses increasing in frequency 
from 5 to 25 per second as the contraction developed, while the latter 
recorded a frequency of 45 per second at the maximum of activity. Cor- 
responding results were obtained from concentric needle electrodes 
inserted directly into the muscles innervated. There is no evidence of a 
change in the number of neurons in action as the intensity of the flexion 
is increased. In the anterior crural nerve in decerebrate animals, dis- 
charges constantly take place at a rate varying between about 10 and 
25 per second, depending upon the degree of postural tone. During 
the crossed extension reflex, the rate was greatly increased, sometimes 
reaching 90 per second. In addition, there is evidence that in this 
reflex more neurons are brought into play with increased activity. 
Records of voluntary contractions in man, taken from the triceps muscle 
by use of the concentric needle electrodes, indicate that activity is main- 
tained by a series of impulses in each nerve fiber, varying in rate from 
6 to 50 or more per second as the force is increased, and there is also evi- 
dence that more fibers are brought into action. Rhythmic electrical 
stimulation of sensory nerves in the cat results in a reflex discharge at a 
rate bearing no relationship to the rate of stimulation but increasing 
with the intensity of the response. These results indicate that normally, 
except in the most powerful contractions, the response of the individual 
muscle fiber will be an incomplete tetanus or a succession of single 
twitches. From the fact that both sense organ and motor nerve cells 
discharge at the same range of frequency, thus controlling the intensity 
of excitation, one may conclude that both impulses are due to some prop- 
erty common to axon or dendrite terminations in general. 

. Adrian and Bronk have also ^studied the discharge of impulses in 
motor nerve fibers by dividing all but a few of the fibers of the phrenic 
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nerve in the rabbit and recording the action currents in single nerve 
fibers during the respiratory discharge. In normal breathing the impulses 
recur with a frequency of 15 to 30 per second in each fiber. When for- 
cible inspiration is produced by restricting the air supplyj the frequency 
of discharge in each nerve fiber rises to 50 to 80 per second. The changes 
in force of contraction of the diaphragm appear to depend mainly on 
this change in the frequency of the motor impulses; at the lower fre- 
quencies the contraction of each group of muscle fibers is an incomplete 
tetanuS; but the diaphragm contracts smoothly because the discharges 
in the different nerve fibers are not snychronous. 

The Nerve Impulse. — The period of activity of the nerve fiber includes 
the local excitatory process, which must have a certain minimum degree of 
intensity, and propagated disturbance. Following these, there is an 
absolute refractory period during which the nerve is immune to all forms of 
stimulation. As the nerve begins to emerge from the absolute refractory 
state, it is still partially immune to stimulation and is said to be in the 
relative refractory period or in a hyponormal condition. During this 
period the nerve recovers its power to respond to ordinary stimulation. 
Following the hyponormal phase there is a period when the nerve is 
hypernormal. 

For much information in regard to nerve action, the world is indebted 
to the English physiologists, among whom Keith Lucas and Adrian take 
high rank as investigators. Lucas attempted to determine whether 
the nervous impulse is a variable quantity or whether it is always of the 
same strength in each unit fiber. He calls attention to the fact that it 
cannot be inferred with certainty that the magnitude of a contraction of a 
muscle is determined by the intensity of the stimulus given by the 
individual motor nerve fibers. The strength of the contraction may as 
readily be influenced by a variation in the number of fibers involved, as 
by a variation in the strength of stimulus over a constant number of 
fibers; he also calls attention to the fact that a study of the electrical 
changes taking place in the nerve fiber is no more satisfactory as a means 
of answering this question. 

Lucas’s Gas-chamber Experiment. — Lucas has reviewed the experi- 
ments of a number of investigators who have made use of the gas-chamber 
experiment upon nerve. In these experiments the nerve of a nerve- 
muscle preparation is passed through a chamber or chambers of glass 
through which carbon dioxide, alcohol vapor, or other gas may be passed 
at will. These chambers may be made of varying sizes, so that the length 
of the fiber exposed to the narcotic may be modified (Fig. 109). The 
first general result of this work shows that when a stimulus is applied 
to a nerve in such a way that the impulse must pass through a portion 
which has been narcotized by some gas passed through the chamber, 
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the impulse becomes gradually less intense, and if the narcotized portion 
is long enough, the impulse fails entirely to bring about a muscular con- 
traction. Others have found that there is a very definite relation between 
the length of fiber exposed and the depth of narcosis required completely 
to abolish the conduction of the nerve impulse. The longer the portion 
of nerve narcotized, the less the depth of narcosis needed- From this 
fact came the suggestion that the nerve impulse suffers a continuous 
decrement in intensity rather than sudden extinction, as it proceeds along 



Fig. 109.*— Diagram of apparatus used by Adrian in gas-chamber experiment. A and 
B are chambers, each 4.5 mm. in diameter. 0 is a chamber 9 mm. in diameter. I, II, and 
III are electrodes for stimulating the nerves of the nerve-muscle preparations x, y, and z, 
respectively. The nerves are passed through the chambers and sealed in place with vase- 
line. Alcohol vapor or other gas is passed through the system in the direction of the arrows. 
The time required to produce a depth of narcosis sufficient to prevent the transmission of 
an impulse through the nerve, so as to cause contraction of the muscle, is measured. 

narcotized nerve. This suggestion at once raises the question as to the 
applicability of the all-or-none law to nerve action in normal nerve. 

The All-or-none Law. — By means of the gas-chamber experiment, 
Adrian has been able to show that when a portion of a nerve has been 
narcotized just enough to prevent the conduction of impulses aroused by 
stimuli adequate to bring about maximal contractions in the normal 
muscle-nerve preparation, the intensity of the stimulus may be increased 
many fold without causing any contraction. From this, Adrian concludes 
that the nerve impulse is either maximal or zero, 

Adrian has also succeeded in showing that when a nerve impulse which 
has passed through a pai^ially narcotized region, t.e., a region of decrement, 
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emerges into an unnarcotized region, it immediately regains its original 
maximal intensity. 

Kato, following the lead of Adrian, has extensively studied the trans- 
mission of the nervous impulse and has concluded that the response of 
narcotized nerve is all-or-none in character and that the impulse is trans- 
mitted by such a nerve without progressive decrement. The narcotized 
nerves show a gradient of excitability from normal at a point 2 to 6 mm. 
outside the chamber to the low value characteristic of narcosis at points 
2 to 5 mm. (and beyond) inside the chamber. This gradient is held to 
be due to diffusion, and explains the greater time required for complete 
narcosis of short sections of nerve. Kato also found that the electrical 
current used for stimulating the nerve acts at points other than where 
the electrodes make contact with the nerve. With fairly strong stimuli 
an impulse may start as far as 20 or 30 mm. from the cathode. Most 
of this spread is within the sheath of the nerve. 

Conduction with Decrement.' — The principle of decrementless con- 
duction applies to sympathetic and vagus fibers and to muscle. Heating 
and cooling may be substituted for narcotics with similar results. 

A study was made by McKeen Cattell and D. J. Edwards of the 
influence of the length of the nerve compressed on the time required to 
block conduction in the sciatic of the frog, as indicated by changes in 
tension developed by the attached muscle when the nerve is stimulated 
on the far side of the compressed area. The method employed of com- 
pressing the nerve between weighted hard rubber blocks gave more 
uniform results when two nerve muscle preparations of the same frog 
were employed, indicating a varying susceptibility of the nerves of dif- 
ferent animals. The time required to stop conduction under a given 
pressure per unit length of nerve was the same for 8-mm. and 16-mm. 
compression distances, but when the pressure involved a length of 4 mm., 
it took nearly twice as long to block conduction in a majority of the 
fibers. They concluded that these results give evidence of the existence 
of a transitional decrement in nerve conduction in the compressed region 
extending over a distance of not less than 4 mm. nor over 8 mm. 

Earlier attempts to establish the validity of the all-or-none lavr for 
nerve fibers have been based on the response at a distance from the point 
stimulated. Kato and associates have investigated the question at the 
point of stimulation, using, therefore, the absolute refractory period left 
by different strengths of stimuli as a criterion. It was found that: In 
normal as well as narcotized nerve the response at the stimulated point 
follows the all-or-none law. The difference between the two is only 
quantitative. This result supports the theory of decrementless conduc- 
tion, which is based on the validity of this law for all conductions of the 
nerve fiber. 
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Shen and associates have made observations on the conduction of the 
nerve impulse in cooled phrenic nerve. The method used was to place 
the phrenic nerve over suitably bent glass tubes through which cooled 
water flowed. The stimulus was the respiratory rhythm and the indi- 
cator of response the contraction of the diaphragm. Moreover, sufScient 
lengths of nerve could be obtained. The times of extinction of the nerve 
impulse depend on the length of nerve cooled. Tables of large series of 
observations were recorded, and these tables show that 5-mm. lengths of 
nerve have their impulses extinguished in 16.8 and 15.6 seconds, 10-mm. 
lengths in 15.0 and 12.9 seconds, and 20 mm. of nerve in 12.8 and 12.3 
seconds, respectively. The results indicate that, while in 5-mm. lengths 
conduction occurs with a decrement, in the longer pieces decrement is 
absent. The summary of the results obtained indicates that conduction 
follows the all-or-none law. 

These experiments may be considered to offer evidence in favor of 
the idea that, in any given normal fiber, nerve im.pulses (aroused by 
electrical stimulation) are of uniform intensity, no matter how great may 
be the intensity of the stimulus applied. Whether this means that nerve 
cells can under no conditions send out impulses of varying intensities 
seems not yet to have been proved. 

Failure of All-or-none Law in Arthropod Nerves. — Apparently the 
all-or-none law fails to apply in the case of conduction in the claw nerves 
of the higher arthropods. The pincer of Astacus fiuviatilis is moved by 
two antagonistic muscles. P. Hoffmann proved, with respect to one of 
them, Bieder'mann's hypothesis, as follows: Each muscle is innervated by 
a special contraction nerve and with a special inhibition nerve. H. G. 
du Buy and J. Reitsma proved the same with respect to both muscles. 
They also proved the invalidity of the all-or-none law with respect to 
the arthropods: (1) The opening-muscle is innervated by one contraction 
nerve, containing one axon. By exciting this nerve, various sizes of 
contraction can be obtained. (2) In accord with Kato, the nerve nar- 
cotized at one place died much later than the nerve narcotized at two 
places, under otherwise similar circumstances. Two sorts of end plates 
for contraction nerves and inhibition nerves have been found. 

The Refractory Period. — Attention has already been called to the 
refractory period or phase of heart muscle, i.e., the period following stimu- 
lation in which no stimulus, however strong, is effective in bringing 
about a contraction. Adrian and Lucas have succeeded in showing that 
this refractory period is, in the nerve of the frog at 14.8°C., absolute for 
0.0025 second. Following immediately after this is a period of hypo- 
normal excitability lasting till 0.012 second after the stimulation and 
then a period of hypernormal excitability which continues till about 
0.028 second after stimulation, when the excitability of the nerve returns 
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to normal This third phase of the refractory state is apparently due' to 
an excess of H+ ions. The duration of the refractory state is subject to 
some modification. A stimulus applied during the hypernormal period i 

of excitability following a previous stimulation leads to a shorter refrac- 
tory period than normal Lucas also found that the refractory condition 
is associated with the propagated disturbance, for a stimulus which occurs 
within the absolute refractory period of a previous stimulation does not 
prolong that refractory period, nor does it interfere in any way with 
the effectiveness of a third stimulation, which may come at an appropriate 
interval after the first. The absolute refractory period of the nerve 
seems to correspond in a way to the latent period of muscle; the relative 
refractory period, or period of hyponormal excitability, corresponds to 
the recovery phase of the muscle. 

Temperature Coefficient of Refractory Period.— One of the most 
significant contributions to knowledge of nerve action came from Adrianas 
work upon the temperature coefficient of the refractory period in nerve. 

The rate of recovery of excitability was measured by determining the 

full recovery curve of a nerve preparation. It was found that a change i 

in temperature affects to the same extent all stages in the recovery process. 

The Qio of the absolute refractory period is the same as the Qiq of the 
relative refractory period; and the Qiq of the rate of recovery of excit- 
ability is the same for all degrees of recovery. This suggests that a i 

single process accounts for all the phenomena of the refractory 
state. Qio for the interval 10 to 20"^ is 2.90; Qio for the interval 8 to 18^ i 

is 2.97. f 

Adrian makes the statement that the rate of recovery is a loga- 
rithmic, and not a linear, function of temperature, but that it does not 
follow that the process of recovery is, of necessity, a chemical as distinct ; 

from a physical process. f 

The Local Excitatory Process. — In just what the local excitatory proc- ^ 

ess consists is not known, though the investigations of Lucas, Hill, j 

Lapicque, and others indicate that it is due to a concentration of ions at | 

some point in the tissue. i 

The Propagated Disturbance, — ^Adrian^s work, the account of which 
has been given above, is a sufficient indication of the fact that the nervous 
impulse is due to some change in the fiber itself, Alexander Forbes in 
reviewing Lucas^ work, says: 

It [the nervous impulse] has been likened (by Lucas) to the burning of a 
train of gunpowder, in contrast with the transmission of a sound wave whose 
energy comes entirely from its initiating source. This fact, now well estab- 
lished, should put an end to all efforts to explain the nervous impulse simply as a 
transient current of electricity conducted along the fiber on the same principle 
as in an insulated wire; the dynamics of the two^ modes of conduction are funda- 
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mentaUy different. The changes occurring in the nerve fiber follow the^ all-or- 
nothing jaw, and are accompanied by electrical changes which are certain 
indicators of the functioning of the nerve elements. Such electrical changes— 
currents of action — also characterize the activities of muscle and gland tissues. 

By some authors these electrical changes have been looked upon as 
of fundamental importance. To the present author, they seem more 
likely to be incidental phenomena attendant upon other more funda» 
mental changes, the nature of which may be yet hidden. 

Comparison of Muscle and Nerve. — Alexander Forbes calls attention 
to the fact that the heart muscle, the individual skeletal muscle fiber, 
and the nerve fiber have certain features in common: 

1. All give evidence of the all-or-none law. 

2. All show the refractory phase; the period of recovery follows the 
same sort of course in each case. 

3. The duration of the refractory phase differs quantitatively in these 
tissues in a manner proportional to their excitation times. 

4. Electric response occurs in all these tissues, it has much the same 
form in each, and its total duration, rate of increase to maximum, and 
rate of decline bear nearly the same relation in the three tissues as do 
their refractory phases and excitation times. 

From these facts Forbes concludes that the tissues mentioned show a 
community of functional tendency and that the greatest difference 
between them is that of time relations, tie also suggests that, although 
the all-or-none law, refractory phase, and action current have not 
been proved to hold in neuromuscular junction tissue, it is very likely, 
because of its excitatory properties, that these do exist and that the 
duration of response and of the refractory phase will be found to occupy 
about one-third of the amount of time as do those of the motor nerves. 

Rate of Conduction of Propagated Disturbance. — ^ While it is usual 
to think of nerves as the chief conducting structures, the facts that con- 
duction occurs in muscle as well, and that conduction is also involved in 
maintaining the proper correlation and coordination of ciliary activity 
must not be lost sight of. That there has been something of an evolu- 
tion in the matter of nervous conduction is shown by a comparison of the 
rates of conduction in a number of different forms. Those forms which 
occupy the lower positions in the animal scale show, on the whole, the 
slower rates of conduction. The figures in Table 68 indicate this general 
fact. 

If the conduction rate of the human being were measured at the same 
temperature as that of the frog, there would be a much closer correspond- 
ence than appears in the figures given. The rate of the human nerve 
conduction is measured at 37.5°C,, while the measurements on the frog 
are ordinarily made at about 18 to 20^C. 
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Table 68. — Nerve Conditction Rates 

Metridium ; 121-146 mm.' per second 

Medusa. 444 mm. per second 

Worms (Lumbriconereis) 420-2400 mm. per second 

Limulus 3 . 25 m. per second 

Lobster 6—12 m. per second 

Hagfish 4.5 m. per second 

Snake 14 m. per second 

Frog 28-30 m. per second 

Mammal 1&-100 m. per second 

Mammal {€ fibers — ^pain) 1.7 m. per second 


The Reflex. — ^Analysis of the functions of the spinal cords of verte- 
brates, and of the nervous systems of the invertebi^ates as well, lead to 
what is known as the reflex, as the simplest complete nervous reaction. 
In its simplest form a reflex is a reaction started by the environment 
acting as a stimulus to a certain receptor cell; this acts upon some neuron 
which passes on the state of excitation thus started itself to other neu- 
rons by means of its connections with them. The excitation thus 
initiated and transmitted finally passes outward from the central nervous 
system through or along some final pathway (motor neuron) and reaches 
some effector cell, as a muscle fiber or a gland cell. The nerve structures 
along which these impulses travel together comprise the reflex arc. All 
of the arc except the motor neuron may be referred to as the afferent arc. 

As this discussion continues, passing in review from the lower forms 
to the higher, it will appear that there is a gradual condensation, centrali- 
zation, and cephalization of the nerve elements so as to form more and 
more highly organized central nervous systems. Apparently, the whole 
object of this condensation, centralization, and cephalization is to pro- 
vide for the bringing of afferent and efferent neurons into more intimate 
relations with each other and, through the development of a highly 
intricate network of interlacing association neurons, or adjustors, to 
make possible reactions of the whole organism through impulses set up 
by various environmental influences in limited and localized areas. 

The Reflex Mechanism. — Reviewing the animal series from the 
Porifera, in which the simplest structural relations exist, involving a 
nerve net, and passing to those in which definite synaptic systems are 
developed, it is found that the reflsx mechanism becomes definitely 
established. At first it is extremely simple, and then becomes more and 
more complex in the higher forms of animals. 

In the following tabular statement there is shown, in a very diagram- 
matic way, the cell relations existing in a number of animal groups. 
The symbol = indicates continuity through a nerve-net arrangement; 
the s3nnbol j| indicates contact; the symbol ^ indicates a synapse or a 
neuromuscular junction. 
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Porifera.... — 
.Cceienterata 

Annelida (Eartliworm).. 

Mollusca (Cephalopod)** 

Vertebrates 


.Epithelium cell [1 muscle cell 
" Sense cell ■■ muscle cell 
or 

^ Sense cell » ganglion cell of nerve ring « muscle cel! 

Sense cell «« muscle cell 
or 

Sense cell » ganglion cel! of ventral cord % motor cell ^ muscle 
or 

^ Sense cell = ganglion cell of ventral cord ^ motor cell 1 1 muscle 
. Sense cell ^ muscle cell 

'* Sense cell 1 1 sensory ganglion cell ^ motor cell 5 muscle 
Sense cell j j sensory ganglion cell ^ adjustor^ 

^ ^ motor ceB ^ muscle 
Sense cell 1 1 sensory ganglion cell ^ adjustor ^ 

Sense cell |( sensory ganglion ceil ^ adjustor ^ motor cell ^ muscle 

^ adjustor ^ 

5 adjustor ^ 

^ adjustor ^ 


These very diagrammatic schemes show the possibilities of: 

1. A single sensory cell serving to throw into operation a single muscle 
fiber. 

2. Two or more sensory fibers serving to throw into operation a single 
muscle fiber. 

3. A single sensory cell serving to throw into operation a single muscle 
cell through a selection of one out of numerous pathways. 

Conduction in Peripheral Nerve and in Reflex Arc Compared. — 
Among the physiologists who have contributed much to the understand- 
ing of reflex action there may be mentioned Adrian, Lucas, Sherrington, 
Forbes, Lillie, Wedensky, etc. 

Attention has already been called to the rate at which a nerve impulse 
is conducted in a peripheral nerve and to some of the other phenomena 
associated with the passage of the nervous impulse. It is now the purpose 
to note some of the particulars in which conduction in the reflex arc 
differs from that of the peripheral nerve. It is frankly acknowledged that 
the following statements are based largely upon the results of investiga- 
tions made upon the nerves of higher animals. Relatively few experi- 
ments upon reflex action in the lower animals have come to the author's 
attention. It seems very likely that a careful comparative study would 
reveal some striking and illuminating differences of reaction. 

1. The rate of conduction in the reflex arc is much slower than in the 
peripheral nerve. Forbes calls attention to the similarity shown by the 
delay here and the delay at the neuromuscular junction in the nerve- 
muscle preparation. 

The rate of nervous conduction in Mytilus californianus Conrad was 
found by Richards to be 64.2, ± 1.8 cm, per second at 18 to 22°C. and 
that of Mytilus. eduKs^ L:, to be 92.9, ± 3.3 cm. per second at 24^C. The 
rate of conduction through the pedal ganglion was much slower in both 
animals, and this delay was abolished by bathing the ganglion with 
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strychnine. Applying camphor to the ganglion results in the foot exhib- 
iting almost continuous movement with no apparent source of stimulus.. 
These movements stop when the pedal ganglion is isolated from the rest 
of the nervous system. Atropine causes a reversal of the muscular action 
of the foot. 

2. Reflex action involves the phenomenon known as afterdischarge. 
By this, it is meant that the discharge of the motor neuron may con- 
tinue for an appreciable time, sometimes several seconds, after all the 
afferent impulses have ceased to enter the central nervous system. The 
length of the period of discharge seems to be proportional to the strength 
of the stimulus. In order to provide for the afterdischarge, it is only 
necessary to assume the existence of a sufficiently elaborate and extensive 
chain of neurons. In such a chain each synapse adds delay, and as 
impulses may (in a complicated system) pass over a great variety of 
pathways in reaching a given point, they may come through to the 
common final path in a considerably extended series of impulses. 

S. Summation.—lt will be recalled that frequently, when a series of 
stimuli, any one of which is inadequate to produce a muscle contraction, 
are sent along the nerve of a nerve-muscle preparation, there will finally 
be induced a contraction of the muscle. This is spoken of as being 
due to the summation of inadequate stimuli. In reflex action there is 
a phenomenon which bears a superficial resemblance to that which 
occurs in the nerve-muscle preparation but which is in reality quite 
different. In the nerve-muscle preparation, no single stimulus is effective 
in bringing about the change in the nerve fiber known as the local exciia’- 
iory process, and without this there can be no propagated disturbance. 
In the reflex summation, each individual stimulus is effective in setting 
up a nerve impulse, but the single impulse is ineffective in bringing 
about a reflex — a series of impulses is required. This is called the 
summation of propagated disturbances. As an example of this summation 
of propagated disturbances, the experiment referred to by Bayliss may 
be cited, in which the scratch reflex could be elicited in the dog only 
after 44 shocks had been applied to the skin, at the rate of 18 per second. 

Adrian and Lucas have shown that this condition may exist in a nerve- 
muscle preparation which has been fatigued, when there is in the nerve- 
muscle junction a region of decrement sufficient to block a single impulse 
and the impulses are so timed that the second impulse comes into the 
nerve during the hypernormal phase of excitability. Adrian has shown 
that this occurs only in an acid medium. 

4. Irreversibility. — It has been shown repeatedly that conduction 
may take place in the nerve fiber in either direction. In the reflex arc 
the synapse acts as a sort of valve and allows conduction to take place 
only in one direction, from afferent or associational neuron to motor 
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neuron. This irreversibility is probably due to the fact that axon 
terminals possess glandular activities, secreting some neurohumoral agent 
which seems to stimulate the dendrites of the next adjacent neuron, 
while dendrites do not have this capacity. 

5. Fatigue— It has long been accepted as a fact that nerve trunks are 
little subject to fatigue. This is in great contrast to the condition which 
exists in the reflex arc. Sherrington has shown, and Forbes concurs, 
that, in the reflex, fatigue occurs at the synapse antecedent to the motor 
neuron. The synapse, like the neuromuscular junction, appears to be a 
region in which conduction with decrement may occur. Fatigue appears 
here, as well as in the nerve-muscle preparation, to be associated with an 
acid condition; and as the acid condition becomes the more pronounced 
the degree of decrement and the amount of fatigue also increase. 

6. Variability of Threshold , — It has been recognized by physiologists 
that in any individual motor nerve, or sensory nerve, there is not any 
very great variability in the threshold value, i,e,, the degree of stimulus 
required to bring about a response. In both afferent and efferent nerves 
the all-or-none law appears to hold. The threshold of the reflex, on the 
other hand, shows more variability than is found in either the 
afferent or the efferent nerves or in the two summed together. In 
discussing this point, Forbes refers to the experiments of Lutz, who 
showed that; 

In the frog, with electrodes applied to an afferent nerve, the average threshold 
for the flexion reflex was twice as high as for the muscular response with electrodes 
similarly applied to the motor nerve. He further found that when the animal 
was cooled the threshold for the reflex rose nine times as much, per degree Centi- 
grade, as did the threshold of the nerve-muscle preparation. 

This may be explained if (as histological evidence certainly gives the 
right to do) it is assumed that any single afferent neuron is not limited in 
its synaptic relations to a single motor neuron, but rather that the 
afferent fibers, through their numerous branchings, may each be connected 
with many motor neurons, and vice versa. In such an arrangement as 
this, the excitation of many afferent neurons might have a very different 
effect, through the convergence of impulses, from that produced by the 
excitation of one or of only a few afferent fibers. 

The reflex threshold would then depend on the number of afferent fibers 
excited, and no longer would be identical with the threshold of the most excit- 
able fiber among them. In this way we could readily account for great varia- 
tions in the reflex threshold through agencies which cause little change in the 
threshold of the afferent fibers. 

Forbes directs attention to the fact that this convergence of impulses 
need not in any way enter into conflict with the all-or-none principle. 
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In this convergence there need be no gradation of activity such as would 
be out of harmony with other facts known and generally accepted. Some 
portion of the central conducting path may be thought of as having a 
shorter refractory period than the afferent fibers. If there were a portion 
of the synaptic region which possesses a very brief refractory phase com- 
mon to all the afferent paths involved, it would be possible to account for 
the effect of the converging impulses. If these converging impulses, set 
up by some single shock, travel over their varied pathways, they will come 
to the common pathway at slightly different times. A very brief refrac- 
tory phase might make it possible for some impulses to arrive at the 
synapse during the hypernormal phase of recovery and thus, in combina- 
tion with preceding impulses, make it possible for them to break through 
a resistance which, without such combination, would have tended to 
extinguish them, 

Forbes says : 

We may conclude that the great variability of the apparent threshold of 
stimulation, in evoking reflex responses, points strongly to the central inter- 
mingling or convergence of conducting paths (evidenced histologically in the 
branching of fibers) as an essential feature in the interpretation of experimental 
results. We may further conclude that, though these experiments offer diffi- 
culties in the way of picturing central activity in terms of the properties of 
functional response known in peripheral tissues, these difficulties may not be 
insuperable, possible ways of surmounting them being offered both by the char- 
acter of decrementai conduction and by great brevity of refractory phase some- 
where in the central part of the path. 

7. Reinforcement and Inhibition. — ^There are two mutual relations 
existing among reflex arcs which serve to distinguish conduction in the 
reflex arc from that of the peripheral nerve. These are reinforcement 
and inhibition. The terms reinforcement, facilitation, and Bahnung 
refer to conditions in which the activity of some reflex arc is reinforced by 
the stimulation of an allied arc. The phenomenon appears to be due to 
the convergence of conducting pathways from various points of external 
origin to common points in the central system. 

The exactly opposite effect is that phenomenon known as reflex 
inhibition. An inhibition is that process by which an impulse is hindered 
or prevented by some factor applied through another impulse. 

Inhibitions are of two general types, peripheral and central. 

a. Peripheral Inhibitions. — ^These include those inhibitions which 
occur in certain skeletal muscles, especially among the invertebrates. 
In the nerve of the claw of the crayfish there are, for example, fibers which 
divide into two axis cylinders. One of these axis cylinders passes to the 
muscle closing the pincer of the claw and the other to the muscle which 
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opens the pincer. One branch is excitatory in action and the other is 
inhibitory. The particular function played by the branch of the nerve 
is determined by the character of the end organ in which, it terminates. 
Inhibitions of the peripheral type are, among vertebrates, limited to 
involuntary muscle. 

&. Central Inhibitions. — ^These are inhibitions mediated through the 
central nervous system or through various scattered ganglia. Inhibitions 
which occur in the reflex control of respiratory movements, of peristalsis, 
of the reciprocal inhibitions of skeletal muscles among the vertebrates, 
etc., may be mentioned as examples. 

Reciprocal Inhibition of Antagonistic Muscles.— One of the most 
interesting cases of inhibition is that which has been brought to light 
through the investigations of Sherrington. Many of the skeletal muscles 
of the vertebrates are arranged in opposing groups. Thus, there are 
flexor muscles which are opposed in their action to extensor muscles. 
While it is necessary that some fibers of such opposing muscle groups be 
stimulated at the same time, as in maintaining body posture, standing, 
etc., it is necessary that some means be found to prevent these opposing 
muscles from antagonizing each other at other times and under other 
conditions. No one has succeeded in demonstrating the existence of 
efferent fibers which, upon stimulation, cause skeletal muscles to relax. 
Relaxation must come as the result of the inhibition of the motor nerve 
cells which, when active, cause the muscle fibers to contract. The real 
control is in the central nervous system, Sherrington points out that, 
in the mammal, stimulation of an afferent nerve in a hind limb leads 
normally to the contraction of the flexor muscles of that limb, and to 
the contraction of the extensor muscles of the opposite limb. In each 
case there is the inhibition of the opposing group of muscles. 

A very striking example of reflex inhibition is that shown by the 
decerebrate mammal (cat). Let the motor nerves leading to all of the 
muscles acting upon the knee Joint of the hind leg, except the extensor 
(vastus crureus), be cut. This results in the paralysis of all except the 
extensor muscle. The animal is now placed upon its back with its parti- 
ally paralyzed leg held in a clamp in a vertical position. Stimulation of 
the nerve leading to the extensor muscle raises the foot. Relaxation of 
the extensor is shown by the fall of the foot. In may cases the decere- 
brate mammal shows decerehraie rigidity^ i.e., a sustained tonic con- 
traction of the extensor muscle. In case the muscle does not show this 
tonic contraction, it can be made to do so by stimulating the sMn of the 
opposite hind leg. This is known as the crossed extension reflex. If, 
while the muscle is strongly contracted, an afferent nerve in the same leg 
is stimulated, there will be an immediate relaxation of the extensor muscle 
md the foot will fall. Forbes says: : 
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This relaxation is a part of the flexion reflex which is the obvious, defensive 
reaction whereby an animal m normal Hfe withdraws its foot from a thorn or 
other object which causes injury. Here we have a case in which the stimulation 
of an afferent nerve leads to an absence of activity on the part of certain motor 

ceils. 

As to the mechanism which is involved in such inhibitions, knowledge 

is wanting. Forbes has given a suggestion which, while only a sug- 
gestion, may have in it enough of value to warrant consideration. He 
postulates such a condition as is represented in Fig. 110, in which there 
is an arrangement of branches providing for reinforcement by con- 
vergence of impulses at one point, and for inhibition by impulses 
approaching from another source. In this figure: 

A and B are pathways whose impulses reinforce each other on the 
principle of summation. 

C-A is a region of decrement with 
very brief refractory phase, such that a 
single impulse fails to pass. If impulses 
from A and B arrive at the right inter- 
vals, summation may occur, and a 
second impulse falling in the hypernormal 
phase will pass the remainder of the 

dendrite and finally set up an impulse Fig. no.— Diagram of motor 
• w neuron with hypothetical arrangement 

^ of conducting paths. {According to 

D-A is a path through which inhibi- Alexander Forbes.) (For description 

tory impulses arrive. Any impulse 

arriving through D, when passing through the most attenuated portion 
d, will be broken up into a series of impulses of so high a frequency 
that each reaches the large main trunk of E early in its hyponormal phase. 
The disturbance in E is, therefore, subnormal and fails to pass the region 
of decrement E. So long as impulses approach through D, E is the seat 
of a total block to impulses coming to E from all branches of the dendrite. 

E-A is a region of decrement and the seat of a total block to impulses 
coming from all branches of the dendrite. 

Dr. Forbes has also worked out a purely hypothetical scheme for the 
organization of the spinal centers, involving the substance of the scheme 
just presented above and providing for most, if not all, of the known facts 
involved in refl.exes and inhibitions. He dispenses with the assumption of 
convergence as the basis of inhibitory frequency in the extensor centers, 
and refers this frequency to the breaking up of a single impulse into a 
series of briefer ones in the finer branches. 

Forbes" schemej pictured in Fig. Ill, represents two muscles of the 
same limb, an extensor E and a flexor F, together with their nervous con- 
nections. A typical afferent nerve 14 enters the spinal cord and divides 
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into three branches, one branch going to the flexor motor cell, one to the 
extensor motor cell, and one to the delay path. From each motor cell a 
motor fiber passes to its appropriate muscle, and the activity of the cell 
would always tend to throw the corresponding muscle into action except 
for the provision made for inhibition. From the axis cylinder of each 
motor fiber a collateral branch is given off soon after the fiber leaves the 
cell body. This branch passes into synaptic relations with the opposing 
motor cell and, under the appropriate conditions, tends to inhibit the 
action of that cell. If the synaptic relations are of the type shown in 
Fig. IIOD, reciprocal inhibition of antagonistic muscles becomes 
xmderstandable. 

It should also be noted that the afferent paths MA leading from the 
muscle to its appropriate motor cell provide for the passage of impulses 


£>P 


from the muscle to the motor cell. Such impulses tend reflexly further 
to stimulate the muscle to action. 

Excitation of the extensor center is largely dependent upon the summa- 
tion effect of convergence from different lines. Excitation of the flexors, 
on the other hand, appears to be (at least in many cases) the dominant 
reaction. It is assumed, therefore, that the approaches to the flexor 
motor neuron are of such a sort that even if all the afferent fibers in the 
nerve are excited they will not set up inhibitions in the flexor motor 
neuron. The approaches to the extensor motor neuron, on the other 
hand, are more numerous and of a sort to bring about an inhibitory 
frequency in this neuron, provided that all, or most, of the afferent 
fibers are stimulated, and thus an inhibition of the extensor muscle, 
no matter how many impulses may be arriving from other sources. 

Impulses passing to the motor cells through the delay paths are held 
to account for the phenomena of afterdischarge. 


3?ig. 111. — Diagram to illustrate Forbes' simplified scheme of spinal neurons: Mt 
extensor muscle; F, flexor muscle; -P, median plane; Cil, contralateral afferent fibers; 
I At ipselateral afferent fibers; DP, delay paths, representing extensive central connections 
to provide for prolonged afterdischarge; MA^ afferent neuron from muscle; DM, extensor 
motor neurons; FM, flexor motor neurons; EMB, collateral branch of extensor motor 
neuron; FMB, collateral branch of flexor motor neuron. 
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■ Types of NerYotis Organization.—It is, of course, beyond the scope of 
tMs work to study in detail the structure of any large number of animal 
forms. The most we may hope to do is to acquire some information as 
to the general plan of structure or architecture of the nervous systems of 
a few types of animals and thus possibly gain some understanding of 
the way in which the nervous mechanism may operate. The diagrams 
present, in about their simplest terms, ideas as to the general arrangement' 
of parts in the animals mentioned. ' 

The Primitive Receptor-effector ■ Mechanism of Sponges.— Parker 
has shown that there is no true nervous system among the sponges. The 
cells about the oscula are slightly contractile, and may be directly stimu- 
lated in a variety of ways. When these cells are stimulated, they behave 
in very much the same way as smooth muscle, except that they respond 
more slowly, finally closing the oseulum so that the water currents are 
slowed up or stopped. There is also, probably, a very slow transmission 
of a neuroid character of the impulse from one part of the body to another. 
This transmission can hardly be looked upon as a sign of the existence of 
true nerve elements among the sponges, but rather as an expression of the 
general property of conduetivity, common to all protoplasm. 

, ■' "'Parker 'says:"'' 

Sponges, then, represent that stage of evolution in which a primitive type of 
muscle tissue has made its appearance unaccompanied with nervous elements. 

. . . Sponges may be said to have among their ceil combinations effectors, but 
no receptors or adjustors. They mark the beginnings of the neuromuscular 
mechanism in that they possess the original and most ancient of its constituents, 
muscle, round which the remainder of the system is supposed subsequently to 
have been evolved. 

Types of Migration of Cell Body on Neuron. — Parker has also called 
attention to the position of the nucleated portion of the neuron in neurons 
of different types and in different animals. The primitive protoneuron 
(motor) of the coelenterate nerve net has its cell body centrally located. 
In the nerve nets in which polarization is exhibited, the cell bodies are 
found nearer the receptive than the discharge end. This is the condition 
found in the central nervous organs of the worms, arthropods, and 
mollusks (Fig. 112). 

A second type of migration occurs in the sense cells of the nerve nets 
and in those cells that are derived from them and that are associated with 
the more differentiated sensory surfaces of the higher animals [Fig. 113 
(Parker)]. In the coelenterates the sense cells or receptor protoneuron 
has its cell body at the receptive end, whence its fibrous prolongation 
reaches into the nerve net. Much the same condition occurs in the earth- 
worm, though in many other worms the cell body has moved inward, 
leaving only a cell process in connection with the sensory surface. Among 
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the vertebrates the migration has continued to such an extent that the 
cell body of the primary receptive neuron has come to lie much nearer 
to the central organ than to the peripheral surface from which it started. 
These two types of migration of peripheral and of central cells may be 
expressed thus : 

Primary sensory neuron: Cell body migrates away from receptive pole. 

Central neuron: Cell body migrates toward receptive pole. 



Fig. 112. Fig. 113. 


Fig. 112. — Motor nerve cells; Ay motor cells from nerve net of coelenterate; motor 
neuron from earthworm; C, motor neuron from vertebrate. In B and C the central end 
of the neuron is toward the left, Purser.) 

Fig. 113. — Sensory nerve cells: Ay sensory nerve cell of coelenterate; By sensory neuron 
of mollusk; C, sensory neuron of vertebrate. In each case the peripheral end of the cell is 
toward the left. {After Parker,) 

Parker has also called attention to the probability that these migra- 
tions, involving, as they do, the trophic or nutritive centers of the cells, 
are to be accounted for by the changed metabolic needs of the evolving 
neurons. As an example, Parker cites the conditions presented by the 
receptive neurons of chemical sense among the vertebrates. He finds: 

1. Olfactory neurons (Fig. 114A) in which 
the trophic center is at the receptive end of the 
cell, a condition equivalent to that found in sea 
anemones and 

2. Chemical-sense neurons (Fig. 1145), in 
which the trophic center of the receptive cell 
has migrated far inward toward the central 
organ. This condition is found among 
vertebrates. 

3. Gustatory neurons (Fig. 114C), like those 
of group 2, except that certain integumentary 
cells have been appropriated to serve as second- 
ary sense cells. Such are the taste buds of the mammals. 

When the trophic center is at the receptive end of the neuron, that 
end of the neuron is thousands of times more sensitive than when the 
center has migrated far from it.: This loss in sensitivity is in part com- 
pensated for through the appropriation of the secondary cells, whose 
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Fig. 1 14. — Primary neu- 
rons of the three chemical 
senses of vertebrates: Ay olfac- 
tory neuron ; B, common chem- 
ical sense; C, gustatory sense. 
In each case the peripheral end 
of the neuron is toward the left. 
{After Parker,) 
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trophic centers may then^ in part, take the place of those which have 
migrated inward. 

Nervous Mechanisms of the Coelenterata. — The nervous system 
in the Coelenterata takes on the form of a diffuse network. Reference 
has already been made to the diffuse character of the nerve net in hydra. 
Similar conditions exist in many forms, some of which reach considerable 
size, e.g., the actinians. This network is made up of protoneurons and 
these have nerve fibers which branch and anastomose in a very intricate 
manner. The network is in many forms scattered diffusely beneath the 
epithelium over the whole surface of the body. In the less specialized 
forms the protoneurons are in physiological connection with the motor 
cells, but differentiated sensory or 
receptor cells do not occur. Stimula- 
tioii at any part of the net spreads 
with some rapidity throughout the 
nerve net and results in the activation 
of the motor cells. In other forms 
there are definite receptor structures 
which are in very direct communica- 
tion with ganglion cells and through 
these with the motor cells. In Fig. 

115, a diagrammatic scheme of a 
simple reflex arc is shown as it occurs 
in some of the Coelenterata. This 
figure, taken from Putter, shows a 
sense cell of the surface epithelium 
connecting directly with a ganglion cell, and this, in turn, with its effector, 
a motor cell. In some of the higher forms, a tendency of the nerve net to 
become somewhat concentrated and centralized is noted. For example, 
among the craspedote medusae a nerve ring made up of cells and fibers 
is found about the margin of the bell, in close association with the 
marginal sense organs and with the muscles by which the rhythmic 
swimming movements are effected. There is a strong tendency, in those 
forms which have radial gastric canals and pendulous manubria, for the 
nerve net to be somewhat emphasized in these regions. 

As an example of the nervous organization among the higher coelen- 
terates, the case of the medusa Gonionemus may be cited. This medusa 
is one found in some abundance at Woods Hole, at Vineyard Haven, and 
some other points along the Atlantic Coast. This animal is an umbrella- 
shaped form with a manubrium occupying the place of the handle of the 
umbrella. About the margin of the umbrella (Fig. 116) are two well- 
defined bands of nervous tissue consisting of both cells and fibers, and a 
less well-defined band occupying a position peripheral to the two main 



Fig. 1 15.—- Diagram of the intercellular 
reflex arc in hydroid polyp: s.c., sensory 
cell; ganglion cell; c, contractile fiber. 
{According to Wolff, from Putter.) 
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bands. Along the radial canals (Fig. 117) extensions of nervous tissue 
also appear, both cells and fibers. The arrangement of cells and fibers 
is not quite that of a typical nerve net, nor is it that of the more cen- 
tralized systems appearing in worms, Crustacea, and higher forms. It 
will be recalled that in the medusa locomotion is accomplished by con- 
tractions of the muscles of the velum, which partially closes the opening 



Fig. 116. — Schematic view of a piece of the marginal nerve ring of Gonionemus mur^ 
hachii: a, cells placed transversely to the upper nerve ring; 6, ovoid cells with sheathed 
fibers; c, nerve fibers parallel to the marginal ring; d, multipolar cells proximal to lower ring 
cells; €!, communicating fibers between rings;/, ovoid cells in marginal strand; g, rnaltipoiar 
cell of the subepitlieliai network; muscle fiber; i, space between upper and lower lang. 
{After Ida M, Hyde.) 

of the umbrella, and by contraction of muscles in the margin of the bell 
itself. One of the two broad hands lies just above and the other just 
below the attachment of the velum to the bell. Each band is a circular 
ring composed of fibers extending about the margin of the bell. Attached 
to the fibers are bipolar and multipolar nerve cells which lie transversely 
to the fibers of the rings. It is possible to see fibers extending from one 
band to the other, and there may be anastomoses between the fibers 
; from different cells, though this condition has not been demonstrated 
so far as the author is ayrarev: ,; Fibers pass from these rings to the muscu- 
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lature of the body and to the rings from the marginal sense organs/ Evi- 
dence of the importance of the marginal sense organs appears in the fact 
that, when the medusa is deprived of all its so-called eyespots, normal 
rhythmic activity ceases, but so long as a single eyespot remains fune- 
tionab normal rhythmic contractions continue. 

Nervous Activities in Pennatula. — In the case of the colonial coelen- 
terate Pennatula phosphoreay excitation of a specimen at any single point 
results in waves of luminescence separated by bands of darkness moving 
along the colony away from the point of stimulation. If a series of waves 



Fig. 117. — Schematic view of a piece of radial nerve tissue of Gonionemus murbachii. 
The band at the right (R) represents the nerve cells below the ectodermal epithelium of the 
subumbrella; at the left (L) those between the muscles and the endodermal cells as seen 
from the exumbrellar side; j, multipolar cells, close to radial nerve fibers; /c, radial tissue 
cells; I, ovoid ceils a,mong the radial nerve fibers; m, beaded fiber of subepithelial network; 
s, bipolar ceils; t, multipolar cells. (After Ida M, Hyde.) 

is started by mechanical stimulation at the base of the stem and then the 
tip be touched, the luminescent waves are inhibited. Moore interprets 
these results as showing that inhibition by collision of impulses in the 
nerve-net system must be referred to the extinction of the excitatory 
impulse when it falls into a refractory period. In order to proceed, the 
impulse must be effective from point to point in the conducting tissue. 
In pennatula a refractory period of to second is sufficient to 
extinguish an excitatory impulse. Spatially this is equivalent to a 
distance of 3 to 5 mm. It is possible that a mechanism of this sort would 
account for the inhibition observed by Bethe in the manubrium of 
medusae and the inhibition by collision described by Mayor and by 
Harvey for the muscular excitation of Cassiopea. 

form as the ctenophore Beroe shows evidence of a nervous system. 
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Heider supports the claim of Bethe that Beroe possesses a true nerve 
net, with epithelial cells. He also approves the finding of Gothlin (see 
section on Ciliary Movement) that inhibition of ciliary movement may 
be produced by mechanical, chemical or electrical means in normal 
animals. In animals narcotized with chloral hydrate this is no longer 
possible. This is taken to indicate an inhibitory nervous control. Dif- 
ferentiated from the ordinary nerve net is the so-called strand tissue , with 
bipolar cells whose fibers form a distinct pathway from the statocyst 
to the oral ends of the bands of swimming plates and to the region about 
the mouth. The strand tissue connects with the meshes of the net and 
the basal pads of the swimming plates. Heider believes the strand tissue 
to be identical with Hertwig^s ^^meridional nerves/^ though he finds it 
to be of ectodermal origin. Normally, waves along the swimming plates 
are initiated by the statocyst, but any basal pad may also function as a 
sense organ and may initiate waves; when a Beroe is cut in half, the 
plates on the oral half beat regularly, the basal pad nearest the cut becom- 
ing the regulator. In some cases, local stimulation of a single pad in the 
middle of a row of plates produces waves passing orally and aborally 
from this point. Heider finds in each pad deeply staining cells which he 
regards as sensory cells. There are nerve fibers in the mesoglea, probably 
associated with the muscle cells. Three steps in the development of a 
nervous system are suggested: (1) the nerve net; (2) the strand tissue, 
shown to be simply a modified portion of the nerve net, with the property 
of more efficient directive conduction; this is also found in coelenterates 
(hydra, Rhizostoma, Actinozoa) and in some higher metazoa (mollusks) ; 
and (3) true nerves. 

Nerve Plexus of Rhizostoma. — ^The ectodermal nerve plexus of 
Rhizostoma possesses two fundamentally different kinds of ganglion 
cells, bipolar and multipolar. The processes of the bipolar cells are 
straight and unbranched. At their outer ends are formed small enlarge- 
ments from which extremely fine processes extend, which apply them- 
selves to the nerve processes of other bipolars and thus evidently permit 
of the conduction of impulses from cell to cell. The size of these bipolars 
is very variable, and three distinct types may be distinguished. The 
processes of the bipolars do not anastomose with one another; there is 
contiguity but no continuity. The multipolar ceils possess extremely 
fine branching processes which apply themselves closely to the bipolars. 
They clearly render possible that diffuse conduction of stimuli in all 
directions which has been long recognized in coelenterates. The entoder- 
mal plexus consists of small nonanastomosing bipolars with unbranched 
processes. The nervous system accordingly is not a network but consists 
of individual neurons that are physiologically related with one another 
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Rhythmical' Pulsations of Medusae.— A. G. Mayor studied rhyihmical 
pulsation in certain marine forms such as the medusae Cassiopea, Aureliaj 
and Daetylometra, the arms of the barnacle Lepas, and the hearts of 
Salpa and of the loggerhead turtle. As is well known, these structures 
carry on normally a definite and regular rh3rthmic movement. Mayor 
found in the medusa Cassiopea, as has been stated above for Gonionemus, 
that cutting off the marginal sense organs paralyzes the disk so that it 
does not continue to beat rhythmically. The disk from which the mar- 
ginal sense organs have been removed can, however, be made to pulsate 
if it is cut so as to form a ring, or if a series of concentric, broken ring-like 
cuts be made through the muscular tissue of the subumbrella. (Diagrams 
of the cuts made can be found in Publication 47 of the Carnegie 
Institution of Washington.) Any momentary stimulus of the disk 
will usually result in rapid, rhythmical pulsations, which may be long 
continued. 

The waves of pulsation all arise from a common stimulated point, 
and the tissue must form a completely closed circuit. In such a ring 
as has been described, the contraction must start in one direction through 
the circuit. When this occurs, and the ring is large enough to allow 
each point in the ring a period of rest before the return of the stimulating 
wave through the circuit, the wave of contraction will maintain itseK 
for an indefinite period. If contraction waves of equal intensity start 
in opposite directions around the ring from the point of stimulation, 
they will meet on the opposite side of the ring and tend to neutralize 
each other. Each point in the path takes its share of responsibility 
for passing the wave to the next succeeding points. The stimulus to 
pulsation is carried by the nerve net, which is distributed diffusely in the 
subumbrella. As each wave comes to the point of origin, it is reinforced 
and is again sent out as a contraction wave. The rate of pulsation in the 
disk deprived of marginal sense organs is determined by the length of the 
course which the wave must run before it returns to its point of origin 
and is always more rapid than in medusae possessing the marginal sense 
organs. The rhythmic movements of the jellyfish arise, therefore, in 
definite points: the eyespots in the uninjured animals and local excited 
centers in the demarginated animals. 

The stimulus which causes the contraction wave is nervous in origin, 
and is transmitted through the subepidermal nerve net. The stimulus 
apparently arises as the result of the continuous formation of sodium 
oxalate in the marginal sense organs. This sodium oxalate precipitates 
calcium as calcium oxalate and sets free sodium chloride and sodium 
sulphate. These serve as nerve stimulants. The pulsation is then due 
to a slight excess of Na"*“ ions maintained in the nervous centers in the 
sense organs over and above that found in the sea water. 
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Rate of Transmission in Metridium— The Coelenterate Metridium 
marginatum is large enough to permit the preparation of considerable 
lengths of tissue through which transmission may be accomplished. 
Parker found it possible to separate a narrow tongue of tissue along the 
edge of the foot for nearly one-half the perimeter of the animal, as 
shown in Fig. 118. By means of this preparation Parker measured 
transmission in the same way as nerve transmission is measured. In 
this form the rate of transmission at 21°C. varies from 121 to 146 mm. 
per second. 

Nervous Systems of the Echinodermata and Their Actions. — The 
Echinodermata, particularly the starfish, have served for the study of 
many ob j ective problems involved in animal behavior, 
reviewing the literature of this portion of the sub- 
/ struck by the fact that some of the 

\ C X students in this field are either lacking in an under- 

\ 7 ^ 1 J standing of the type of nervous structure which exists 

\ y i^ these organisms and, therefore, of the types of 

response which may be expected to result from 

Fig. 118. —Diagram stimulation or that they have had little interest in 

of preparation of Me- ^ ^ i 

tridium by means of matters of pure physiology. 

which Parker measured Among the Echinodemiata generally, the nervous 
the nerve net. x, point system IS in the lorm 01 a nerve net or nerve plexus, 
of application of the Whether the nerve elements are of the type of the 
protoneurons which compose the nerve nets of the 
Coelenterata or of a somewhat more highly differentiated type seems 
to be difficult to settle by microscopic examination. For the present, the 
term nerve net will be applied to the structures under discussion, although 
some of the physiological observations may raise question as to the 
desirability of the term. In these forms there is an aggregation of nerve 
elements such as to form a central system, in addition to one or more 
less definitely aggregated arrangements of nerve elements in regions of 
the body somewhat remote from the central system. A clearer idea of 
existing conditions may perhaps be obtained from a description of the 
nervous systems found in the starfish. In the starfish there is a three- 
parted nerve system, each part working somewhat independently of 
the others. 

1. The Ectoneural System.— This is a concentration of the elements 
of the nerve net in such a way as to form a ring (circumoral nerve ring) 
about the mouth, and five radial nerves extending outward from 
the circumoral nerve ring along the oral surface of the main radii of the 
animal. Fibers pass from the ring to the skin of the mouth and to the 
gastric wall. Nerves pass from the main radial nerve strands to all 
the tube feet, pedicellariae, eyes^ respiratory papillae, and other organs of 
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the arms. Ganglion cells, sometimes bipolar, lie along the course of the 
fibers in these strands. , 

Local condensations of nervous tissue occur about the bases of the 
spines and of the pedicellariae. While the existence of this condensation 
of elements is to be recognized, the fact must not be lost sight of that there 
is here, as in the Coelenterata, a diffuse network of nerve elements 
extending over practically the whole surface of the body. The nerve net 
is a more elaborate and more complicated structure than appears among 
the Coelenterata. Through the circumoral nerve ring, the radial nerve 
strands, and the diffuse nerve net, the coordination of body movement 
and that of the tube feet movements are brought about. 

2. The Hyponeural System , — This is a nerve net found in the wall of 
the pseudohemal canals, extending outward along the rays of the starfish. 
This system innervates some of the muscles of the body wall with its side 
branches. Here and there, the ganglion cells of this system are somewhat 
bunched together, and at the end of the rays definite ganglia are formed 
underneath each eyespot. 

3. The Entoneural System . — This system lies in the peritoneal epi- 
thelium under the dorsal musculature of the rays and central disk, and 
is much less highly developed in the starfish than the other systems. 

Receptors of various sorts occur in the superficial epithelium of the 
body. The animals are very sensitive to contact, and as has been shown 
by Hamann and others, there are sensory nerve cells to which have been 
assigned the functions of chemical sense and light perception. 

The starfish behaves normally as an individual only when the nervous 
system as a whole is in an uninjured condition. Evidence of this fact 
will appear in a later paragraph. While this is true, it is also true that 
much independence of action inheres in the different parts of the echino- 
derm. For example, each ray of a starfish behaves as a unit if the nerve 
net be severed between it and each of the adjacent rays. The whole 
ray responds in a reflex manner to the stimuli coming to it. 

Unfortunately, definite information is lacking as to the exact nature 
of the reflex arcs which must comprise a large part of the nervous system. 
It is possible, however, to derive from accounts which have been given 
of the behavior of the starfish certain facts as to the nature of the nervous 
mechanism and as to its physiological properties. 

The surface of the body is provided with very numerous receptors 
of various sorts. Every respiratory papilla is very sensitive to contact 
The animals also give evidence that they are sensitive to light, to chemicals, 
such as acids, alkalies, crystals of sea salt, potassium bichromate, and 
various food substances. 

When the receptors on the aboral surface of the body are stimulated 
by an agent of the appropriate kind and intensity, a variety of responses 
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occurs. The first point to be noted here is the fact that there is a definite 
threshold of stimulation. There is an intensity of mechanical stimulation 
below which even repeated stimuli are ineffective. When the stimulus 
is adequate, some of the following activities may be noted: 

1. The respiratory papillae are withdrawn. 

2. The rings of pedicellariae about the bases of the spines, in the vicin- 
ity of the disturbed region, rise so that the spine is hidden. Each of 
the rings is provided with large numbers of pincer-like pedicellariae, which 
are ready to act as weapons of offense or defense. 

3. The spines all bend in toward the center of disturbance. Thereis, 
therefore, conduction of impulses. This conduction is of a diffuse nature, 
tending to spread in all directions from the point of stimulation. 

4. The degree to which the reaction spreads depends upon the strength 
of the stimulus, the kind of stimulus, the part of the body stimulated, 
the age of the individual, and individual differences. It is found that, in 
general, older animals respond to stimulation more readily than younger 
ones, that a stimulus applied in the region of an eyespot is more effective 
than in some other regions, and that certain individuals are much more 
susceptible to stimulation than others. In some cases a very slight 
stimulus is sufficient to bring about a very marked reaction. 

5. Summation of stimuli. It frequently occurs that a single shock 
is not sufficient to bring about the attack of the pedicellariae. A repe- 
tition of the stimulus is required. It is possible that there is here a type 
of behavior akin to that of pigment cells or smooth muscle cells of the 
higher animals. 

6. The response to the stimulus is not of a stereotyped sort. This 
may be taken as indicative of the fact that there are many pathways 
over which impulses may travel, even in so humble an animal as a starfish. 
It may also be possible that so simple an animal as the starfish may have 
some power to determine over which one of a possible series of pathways 
a given series of impulses is to travel. If this is true, the animal may 
be considered to have some choice in the type of reaction shown by its 
response to stimulation. 

7. There is a period of afterdischarge in the system of reflex arcs of 
such a sort that, even after the localized stimulus has been removed, the 
response continues for some time. 

. 8. After a response to a stimulus has started, it may be modified 
in its details by the application of some new stimulus, without altering 
the general trend of the reaction. 

9. Evidence of that type of reaction which is called, in the higher 
animals, reciprocal inhibition is seen at times, especially in the behavior 
of the tube feet. 
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10. J ennings has called attention to the fact that chemical stimiilation 
of a rosette of pedicellariae renders it more susceptible to mechanical 
stimulation later on. Also, mechanical stimulation leaves them, after 
subsidence, in such a state that they react more readily to stimuli from a 
distant region than do even rosettes nearer to the point of stimulation. 
Can this mean that the nervous tissue of the starfish has a refractory phase 
and that the second stimulation may possibly occur during the hyper- 
normal phase? The reaction time is undoubtedly slower than in the 
reflexes of higher animals, the responses may be less exact, but they appear 
to be of the same general sort as the reflexes common to higher forms. 

Righting Movements of Starfish —A. R. Moore has made a study of 
the normal righting reactions of the 
starfishes Aderina miniata and Asterias 
ochracea. He has found that there is a 
common or normal way in which right- 
ing takes place, Moore says: 

For example, in Fig. 119 any two arms, 
say A and B, face each other ventrally and 
attach; C and E may have obtained a hold, 
but soon withdraw their tube feet, rise 
orally, pulling D with them, and complete 
the somersault. During this process D may 
either remain passive or hold to the bottom 
with its tube feet and so retard the righting. 

Taking Loeb's view that C and E have their __ _ _ _ 

attaching inhibited by impulses sent from neural nervous system oi starish: a7b, 

A and B and move upward at once, it is position of cut 

-n T^ » X j 1 . ill Moore's experiment. (After Moore,) 

Significant that D is affected by such 

impulses very slightly, if at ail. Repeated observations of the passiveness of D 
led me to think that the inhibiting impulses arising from A and B lose so much 
in effectiveness, as they travel away from the point of origin, that they affect 
only adjacent arms sufficiently to cause movement. That is to say, an inhibiting 
impulse from A rouses only and the impulse from B causes only C to act. If 
such were the case, we should have additional proof that the hypothesis of Loeb 
is correct and that the righting of the starfish is accomplished by the simplest 
sort of mechanism. 

This rapid decrease in the effectiveness of a nerve impulse, as it travels away 
from its point of origin, is a phenomenon familiar to physiologists in the spread- 
ing of impulses and was described by Ffiuger and later by Sherrington with 
reference to vertebrates. According to these authors, “the degree of reflex 
spinal intimacy between afferent and efferent spinal roots varies directly as their 
segmental proximity/' 

In order to test whether this were also true of the nervous system of the star- 
fish, I cut the oral nerve ring of one of these animals between the arms B and 
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C at M (Fig. 120). In the case of a starfish so treated, if A and B face each 
other ventrally and attach, J' is inhibited; but C either remains passive or attaches 
and holds to the bottom until pulled loose by E and D, In addition to A and 
B attaching coordinateiy, C and D may also attach and face each other ventrally. 
In this case the starfish remains for some time in the position shown in Fig. 120, 
until, finally, E pulls either A or D loose and thus decides the course of righting. 
The time required for the righting to take place in this way is two or three times 
as great as that needed before the cut was made. Of course, if B md C should 
attach and inhibit A and D, then the righting would be accomplished as in the 
normal starfish. Likewise, if A and E or E and D attach coordinateiy, their 
connection with the adjacent arms is unimpaired and the righting is performed 
in the normal way. But when the ring nerve is cut at M, if A and B attach 

coordinateiy, C is inhibited very slightly 
or not at all and does not rise orally to 
assist in the righting as in the case of the 
uninjured animal; on the contrary, C acts 
as an independent arm and renders no 
assistance by coordinated movement. 

In making the one cut in the ring of 
the starfish, none of the arms of the ani- 
mal is isolated nervously; all are con- 
nected; but, instead of the old circular 
connection, there now obtains a linear 
system comparable to the nerve cord of 
worms and Crustacea. If conscious judg- 
ment ever were present in the starfish, it 
scarcely could have been destroyed by the 
operation, because each part of the animal 
Fio. 120. — Moore’s diagram showing still has perfect nervous connection with 
att^pt at righting after cut is made every other part. The fact that the arm 

C does not coordinate with the active arms 
proves that direct nervous connection across the cut is necessary for coordination; 
that C can only be caused to move “intelligently by an impulse from an adjacent 
arm. This is different from saying that the coordinated movements of the starfish 
are due to judgment exercised by a psychoid entity. Hence, it is evident that 
there is no nervous center in the starfish, for any one of the five arms may give 
rise to impulses which strongly affect only adjacent arms. These impulses 
rapidly diminish in strength as they travel away from their point of origin, and 
their effect is usually imperceptible in the movements of other than adjacent 
arms. The simple nervous mechanism here desc.ribed is sufficient to account for 
the coordinated righting movements of the starfish. 

Reciprocal Inhibition in Antedon. — ^The nervous system of Antedon 
rosaceus is a very sensitive structure. Any strong stimulus will cause a 
fixed animal to detach itself and swim through the water until it finds 
some other object to which it may become attached. The swimming 
movements are brought about by the alternate flexions and extensions 
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and aboral strokes of the arms. Each ray is composed of two arms, 
and these two arms are so coordinated that, during motor activity, while 
one arm is flexed the other is in extension. Moore has shown that there 
is here a case of reciprocal inhibition, similar to that which exists in the 
starfish and that the mechanism may be thrown out of operation by 
subjecting the animals to poisoning by strych- 
nine in a 1 to 10,000 solution for 10 minutes. 

, ' ■■ Nervous Systems of the Worms —As a con- 
trast to the conditions existing among the 
Coeienterata and Echinodermata, among the 
lower forms of worms a greater centralization 
of the nervous elements is found and a more 
clearly marked differentiation of function than 
has heretofore appeared. A tendency of the 
ganglion cells to become aggregated into two 
ganglionic masses in the anterior portion of the 
animal is noted. From these ganglia tracts of 
fibers, frequently branching and anastomosing 
with one another and containing ganglion cells, 
reach backward throughout the body. There 
is a real difference here between central system 
and peripheral fibers, and at the same time the 
nervous network is sufficiently diffuse so that 
small pieces of a planarian worm exhibit reflexes 
and good progressive movements. Figure 121, 
redrawn from Jijima’s paper in the Zeitschrift 
fur Wissemchaftlichen Zoologie, gives a some- 
what diagrammatic indication of the manner in 
which the nerve elements are arranged in a 
planarian worm. 

Significance of Polarity in Nervous Organi- 
zation. — Numerous investigators have called 
attention to the fact and significance of polarity 
in animal organization. This polarity has as its 
basic physiological feature a differential meta- 
bolic activity of various parts of the animal, e.g., exterior as contrasted 
with interior; anterior as contrasted with posterior; dorsal as contrasted 
with ventral, etc. The differences in metabolic behavior may be either 
in degree or in kind, or both. 

Polarity may show itself in the behavior of the organism as a whole, 
even though there be no apparent structural differences in the different 
body regions which would seem to account for the differences in behavior. 
This is certainly true among some of the protozoa and even in some of 


Fig. 121. — Diagrammatic 
representation of the nervous 
system of a planarian worm: e, 
eyespot; h, region of cerebral 
ganglion or brain; 1. nc., lateral 
nerve cord; ph^ pharynx. 
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the simplest of . the metazoa. The existence of these differences of meta- 
bolic activity is demonstrated, for example, in the fact that one part of 
an animal may regenerate a lost portion more rapidly than some other 
part of the same animal, or in the fact that such a part as a hydroid stem 
regenerates a polyp at what was the polyp end, and a stolon at what was 
the stolon end of the stem. 

Polarity, i.e., differential metabolic activity, involves differential 
irritability. Irritability is an expression of colloidal instability. So, 
polarity comes to be an expression of the difference in degree and in kind 
of the irritabilities of those colloidal complexes which are called cells. 
Among animals, even low down in the animal scale, the development of 
special structures called receptors is associated with this adjustment of 
instability. These are, in the lowest forms, of a very generalized type; 
but in the higher forms are adapted to receive impulses or stimuli of 
specific kinds. Animals higher up in the animal scale have a greater 
variety of receptors, sensitive to a greater variety of external stimul 
and also adapted to receive stimuli of less intensity. Animals in which 
there have come to be a great variety of highly sensitive receptors may 
be spoken of as having highly differentiated nervous systems. 

It is interesting to note that these differentiations usually involve 
one end of the organism more than the other. There is a tendency 
toward an accumulation of receptors at the anterior end. In many of 
the worms there is a secondary accumulation or concentration of receptor 
elements in the posterior end also, and a minimum of metabolic activity 
in the mid-region of the body. This arrangement naturally involves, 
also, a condensation of nervous elements, cephalization, in the anterior end 
of the animal body. Such condensations begin to appear among the 
flatworms. Aggregations of nerve elements, particularly of the motor 
elements in the mid-ventral line of the body, also appear among the 
worms. These may be included under the general term centralization. 
Among the Polychaeta and Oligochaeta the centralization of nervous 
elements has become quite pronounced. In the earthworm Lumbricus 
the process of cephalization is not so marked as in the marine worm 
Nereis, while the ventral nerve cord is about as well developed in one 
form as in the other. That is, the anterior end of the earthworm is less 
dominant than is the anterior end of the sea worm, Nereis. This may 
mean that the anterior end of Lumbricus has not the same degree of 
metabolic activity as is to be found in the anterior end of Nereis, or it 
may mean that the difference in dominance of the anterior end is due to 
the great difference in the degree to which the receptor systems are devel- 
oped in the two types of worms, Tire following statement represents the 
'existing conditions:. 

- , Earthworm. , No special sense organs are developed, unless the pro- 
stomium be so considered* Tactile, chemical, and photic receptors, 
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sometimes grouped together, are located in the skin, particularly of the' 
head region. , 

Marine worm. Receptors for contact and photic stimuli aggregated 
in tentacles, palps, and eyespots. Whether receptors for chemical stimuli 
are similarly aggregated has not been determined. 

Associated with the cephalization of the receptors, there is a cephali- 
zation of the ganglia of the central nervous system. In the earthworm 
the dorsal or cerebral ganglia (together with the subesophageal ganglia, 
according to some authors) may be said to constitute the brain. This 
is in no sense the homologue of the vertebrate brain. In the marine 
worm Nereis there is a cephalization of a number of the ganglia, which in 
the earthworm would be considered as segmental ganglia, so that the 
so-called brain mass comes to be considerably enlarged. 

Specialization of Nerves among Worms. — The nervous system of the 
lower segmented worms is located in the h3rpodermis, except at the most 
anterior region where the cerebral ganglia are separated from the hypo- 
dermis by a definite boundary. In some of the lower forms the segmental 
character of the nervous system is hardly noticeable. No segmental 
arrangement of ganglion cells or of nerve fibers is to be found. The 
number of fibers given off from the ventral cord in any segment is a 
variable, as many as 35 having been counted in a single segment of Axio- 
thea torquata or of Clymene prodiccta. The nervous structures of these 
forms are very primitive and indicate a partially centralized nerve plexus. 

In these forms there is a considerable specialization of nerve cells 
and fibers, there being developed, among others, groups of cells which 
are decidedly larger than the average and to which the terms giant cells 
and giant fibers have been given, 

Margaret Lewis studied particularly the giant cells and giant fibers of 
the two polychaetous annelids just mentioned. She found that the 
giant fibers are formed by the union of processes arising from the giant 
cells. In these forms there is no constancy in the number or arrangement 
of the giant fibers, though the number of the fibers is always limited. 
The cells from which they arise appear in the subesophageal ganglion 
and are found scattered along the lateral and ventral portions of the nerve 
cord, without respect to metamerism or symmetry. A more extended 
discussion of the giant cells and giant fibers will be found in the accounts 
of the nervous systems of the earthworm and of the Crustacea. 

The higher worms and leeches possess true central nervous systems, 
in the anatomical sense of the term. In each case the system is made up 
of a double chain of ganglia which extends nearly the whole length of 
the animal. The most anterior pair of ganglia lies dorsal to the pharynx 
and is connected by means of fibrous commissures with the remainder 
of the chain (known as the ventral nerve chain). It is ordinarily stated 
that fibers pass from the ventral cord to the receptor organs and to the 
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muscles. Certain modifications of this statement, as regards conditions 
in the earthworm, appear in a later paragraph. It is reported that among 
the leeches destruction of a portion of the ventral nerve cord leads to 
complete failure of nervous function in the segments affected. This 
certainly is not true in the earthworm. In the leeches the nervous system 



shows a different architectural plan from that found in the earthworm. 
In the leech, fibers run from the anterior end, while among the Oligo- 
chaeta there are no nerve fibers, so far as is known, which extend through- 
out the length of the body. Even the giant fibers are those of short 
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Fig. 122.— Lumbricus. A, sense bud. (According to Hesse, from Schneider.) B, 
Epithelium impregnated with silver. (According to Eetzius, from Schneider.) sp, sensory 
processes; cu, cuticle; s.c., sensory cells; h, hypodermis; n.f., nerve fibers; c.m., circular 
muscles; m,f,, muscle fiber; c.n., circular nerve; ca, capillary; mucx., mucous ceil. 


neurons extending, according to Stough, at most for only the length of a 
single segment. 

Receptor Organs of the Earthworm. — A number of investigators have 
furnished morphological evidence of the existence of receptors of different 
sorts in the earthworm. Figure 122 shows Hesse’s drawing of a section 
of a sense bud and Ret^ius’s drawing of finely distributed sensory nerve 
elements in the epidermis of the earthworm. In Fig. 123 a photograph 
of three sense cells of the epidermis of the earthworm, stained by methyl- 
ene blue, is shown. The receptors shown in these figures may all be 
chemical in character. In addition to these, Hess has demonstrated the 
general nature of the photic receptors in the earthworm. It is possible 
that no special receptor organs are developed in the earthworm for the 
sense of contact. / 
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Physiological Dofsimaiice in Worms— Among the worms there is 
not only an exhibition of the beginning of cephalization with the charac- 
teristic dominance of the body by the nervous elements of the anterior 
end but also an exhibition of the dominance of each individual segment 
of the ganglia of the ventral nerve cord in each segment. Each segment 
is to be looked upon as a unit of structure. The coordination and the 
integration of these units into a - ■ ■■ ■' " '■ ■■ 

harmonious worm body are brought. ’f 

about by the ganglia and connec- ^ 

been overlooked by many invest!- ;'Cv 

gators. It is not difScult to suppose 

that there is a correlation between !Pig. 123 . — Sensory cells in epidermis of 

the distribution of receptors in the earthworm. These receptors are evidently 
- - „ 1 x-L j j. different from those ^wmch have beenfdesig- 

body SUriace and the degree to nated as chemical receptors by Hesse and by 

which physiological dominance hangdon. {Preparation hy IF. iV. Hess, pho-- 
. , . ft , . j, ,, tograph hy author.) 

exists in the different regions of the 

body. Hess has made an estimate of the number of photoreceptors in 
certain measured areas (200 X 300 ju) of the surface of the body of the 
earthworm with the following interesting result: 


Table 69. — Disteibutioh of Photoeeceptors of EARTHProRM 


Median Antero- Latero- Postero- Ventro- 
dorsal lateral median lateral median 

area area area area area 


Eegion of 
earthworm 


Total 


area 


Prostomium. . . . 

Segment 1 

Segment 2 

Segment 3 

Segment 40 

Antepenult seg- 
ment 

Penult segment. 
Last segment. . . 


Totals, 


This investigation indicates that the prostomium of the worm is 
the most richly supplied portion of the body in so far as photoreceptors 
are concerned (being provided ^^h about 700 in the nerve enlargements 
in the prostomium and 400 in the epidermis of this portion of the body). 
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It also indicates that the dorsal and lateromedian areas are about equally 
well supplied with these structures, as well as the fact that the middle 
region of the body is very poorly supplied. Whether all these receptors 
in different portions of the body are equally sensitive to light stimulation 
has not yet appeared. Certain it is that the number of receptors exposed 
to stimulation in the extreme anterior end of the worm is far in excess 
of the number elsewhere in the body surface. This means that there 
must be coming into the central nervous system from the photoreceptors 
of the extreme anterior end of the worm many times as many impulses 
as come into it from the receptors of the middle region of the body. If, 

as may readily be true, the receptors of 
the anterior end of the worm are more 
irritable than those of other regions, it 
would naturally follow that light falling 
upon this region would appear to have 
a greatly exaggerated stimulating effect 
as compared with similar illumination of 
other portions of the body. 

The earthworm is provided with 
effective chemical receptors frequently 
arranged in groups. Whether these are 
of smell or taste, or both, is yet to be 
demonstrated. Nothing is known as to 
their number or distribution, though it 
seems safe to say that in all probaMIity 
they are more numerous in the anterior 
end of the body than elsewhere, 
intestme of the guinea pig. (.Redrawn Evidence of their effectiveness 

appears in the fact that the worms have 
power to exercise choice in the matter of taking in food substances. 
Experiments made during a number of years and involving the use of 
many hundreds of worms show that, when given a choice of several differ- 
ent substances, they take meat and chocolate in preference to apple, 
turnip, or carrot and that they take lemon and onion last of all. 

Nerve Net and Nerve Plexus. — ^The meaning of the terms nerve net 
and nerve plexus^ as they are here used, must now be made clear. The 
nerve net is an interlacing network of fibers with cell bodies. The fibers 
branch and anastomose and show definite protoplasmic continuity from 
one protoneuron to another. The nerve plexus is also an interlacing 
network. This term is often used synonymously with nerve net, and 
also is applied to net systems in which cell bodies do not appear, or in 
which they have not been demonstrated. The term nerve plexus is, 
therefore, the more general and more inclusive term. It probably is 



Fig. 124. — Plexus of sympathetic 
neurons found in the villi of the small 
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true that there are nerve plexuses in which synaptic connections between 
the different cells occur, though such arrangements are certainly not 
common among the lower forms. Figure 124 illustrates the form of 
nerve plexus found in the villus of the intestine of the guinea pig. Similar 
plexuses occur in many places. 

The Nervous System of the Earthworm. — The nervous system of the 
earthworm is at the same time a retrospect and prophecy. It forms a 



Fig. 125. — Drawing of the subepidermal nerve plexus from the anterior region of the 
prostomium of the earthworm, showing connections with the central nervous system, 
muscular nerve plexus, and epidermal nerve fibrillae, silver nitrate technic: BM, basement 
membrane; ENT, epidermal nerve trunk; ENF, epidermal nerve fibrillae; MNN, muscular 
nerve plexus; SNB, subepidermal nerve plexus. {This figure was drawn by Dr, W, N. Bess 
and is here reproduced by his kind permission.) 

sort of transition stage between the nerve-net condition of nervous organi- 
zation and the more highly centralized systems of the higher animals. 
The system is really a double one, consisting of a central system and two 
nerve-plexus systems, the sensorimotor and the visceral systems (Figs. 125 
and 127). The sensorimotor system is itself a double nerve-plexus sys- 
tem, the outer portion (the subepidermal nerve plexus) lying underneath 
the epidermis and external to the basement membrane and the inner 
portion (intermuscular nerve plexus) lying within the musculature of the 
body wall. These networks are weH developed, very closely interrelated, 
and composed of elements which are individually very small and exceed- 
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ingly numerous. Whether the elements composing these networks are 
of the type of the protoneurons characteristic of the nerve net of the 
Coelenterata is a matter still to be solved. 

The Subepidermal Nerve Plexus. — The nervous system of the earth- 
worm is of especial interest from the fact that some of the receptor cells 
connect directly with the subepidermal nerve plexus. From there, 
impulses may pass directly to the intermuscular portion of the plexus 
(Fig. 127) and so to the muscles of the body wall; or they may pass to 



Fig. 126. — Drawing showing the arrangement of the larger nerve trunks in the left half 
of the anterior segments of the earthworm Lumbricus terrestris: A, nerve from lateral 
region of cerebral ganglion which passes to prostomium; AN, dorsal ramus of anterior 
segmental nerve trunk; B, nerve from near middle region of circumpharyngeal connective 
which passes to segment one; BC, buccal cavity; C, paired nerves from the ventral region of 
the circumpharyngeal connective which pass to segment two; CG, cerebral ganglion; 
CPC, circumpharyngeal connective; i>, branch of nerve to prostomium that supplies tissues 
of the dorsal region of the buccal cavity; B, nerve that supplies the portion of the prostO“ 
mium in the dorsomedian region of segment one; F, pharyngeal plexus; G, branch of nerve 
to segment one, that supplies tissues of the ventral region of buccal cavity; L, visceral nerve; 

I mouth opening; MN, dorsal ramus of median segmental nerve trunk; P, prostomium; 
SG, subpharyngeal ganglion; VB, ventral ramus of anterior segmental nerve; I to VI, 
segments one to sis. (The author is indebted to Prof. W. N. Hess for this figure.) 

the nerve cord. If they pass to the muscles, there is a semidirect stimu- 
lation of the muscle through the medium of a short reflex arc. If the 
impulses pass to the ventral nerve cord, there is a reflex stimulation of 
the muscle fibers; only, in this case, the response is slower because of the 
longer and more involved course along which the impulses must pass. 
The mediation of nerve impulses by the various adjustor cells of the 
ventral cord and by cells of the cerebral ganglia may render the reflexes 
extremely variable in character. The ventral nerve cord contains many 
motor cells, the fibers from which extend to the subepidermal nerve 
plexus. From this plexus, impulses are relayed to the intermuscular 
plexus and so to the muscle fibers. 
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The Central Nervous System. — ^The central nervous system.' of the 
earthworm consists of a pair of supraesophageal ganglia (sometimes 
loosely called the brain) and a ventral chain of ganglia, a pair of ganglia 
l3ring in each segment of the body. These ganglia of the different seg- 
ments are connected into linear chain by means of longitudinal connec- 
tives. Figure 126 shows a lateral view of the anterior end of the nervous 
system of the worm Lumbricus as described by Hess. The segmental 
arrangement of ganglia and the lateral nerves of the segments, shown in 
segments IV, V, VI, are repeated throughout the whole length of the 
worm. This external appearance of segmentation is, however, relatively 
unimportant except in furnishing land- 

marks indicating ' , int^^ hidden, ^ 

Peripheral Nerves.— Each ganglion 
of the ventral nerve chain of the earth- ‘ 

worm gives rise to three pairs of nerves : 

(Figs. 126 and 128). The first of these 
arises from the sides of the ventral 
nerve cord Just behind the anterior 

septal wall: the second and third arise ' 

from the ganglionic mass itself. These ' 

nerve trunks pass laterally across the ' 

coelom to the longitudinal layer and „ - ^-u ih-u i. j 

give rise to two branches or rami. The wall of the earthworm, showing fibers 

dorsal rami run between the circular subepidermai ^erve plexus 

. passing downward through the layer of 

and longitudinal muscles nearly to the circular muscles toward the layer of 

mid-dorsal line. The ventral rami run longitudinal muscles which are not 
, 1 1 • T 1 included in the photograph. E, epi- 

between the circular and longitudinal dermis; BNP, region of subepidermai 

muscles nearly to the mid-ventral line. plexus and basement membrane; 

. Cila, layer of circular muscles mter- 

The dorsal rami give off branches to the muscular nerve plexus. The two large 

intersetal tract and then many small V shaped dark bodies shown in the print 

, are the images of dust particles. {Fhoto- 

branches which pass vertically or graph hy the author, from preparation by 

obliquely to the epidermis. Thus, three 'SmaB^ood.) 

nerve rings — anterior, median, and posterior — are formed in each segment. 

Dawson has directed attention to the fact that these nerve rings are 
not wholly fibrous in nature. Nerve cells appear along the courses of 
the rings. These cells are of four forms: tripolar cells, which are some- 
times grouped in the intersetal tracts; spindle-shaped bipolar cells; cres- 
cent-shaped bipolar cells; long, slender, pyramidal cells. So far as the 
author is aware, the functions of these, different ceils have not been 
determined. 

The Minute Structure of the Ventral Nerve Cord. — ^As the unit of 
structure of the nervous systems among the lower Coelenterata has been 
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Fig. 128. — Cross section of ventral nerve cord of Lumbricus, showing motor cells and 
fibers, and relation of ventral nerve cord to'body wall — silver preparation: gf., giant fibers; 
moL c.f motor ceil; mot. n. /., motor nerve fiber; sen. n. f., sensory nerve fiber; seg. n., seg- 
mental nerve; suh, ep, nt.^ subepidermal nerve plexus. {After Retczins.) 



antMn, 


mote* 


.mote. 


Fio*. 129, — ^Ventral nerve gangiion of Lumbricus — Golgi method: moL c., motor cell; 
odi,, adjustor cell; ant. anterior lateral n^ve;;^?ost Ln., posterior lateral nerve; sens. 
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seen to be the protoneuron, here it is the neuron. Some idea of the 
relations existing between the different sets of neurons may be gained 
from an inspection of Figs. 128 and 129. The different types of neurons 
with their variously branching processes will make possible an under- 
standing of how a very slight and limited stimulation may result in a 
widespread reaction on the part of the worm. The neurons composing 
the central nervous system serve the general function of conduction in 
three different ways. Some serve to transmit impulses from receptors 
in the surface epithelium of the body to the central nervous system. 

These are sensory in character and are spoken 
of as receptors. Some serve to transmit im- 
pulses from the sensory neurons to other 
neurons within the nerve cord. These are 
spoken of as internuncial, adj ustor, or coordinat- 


Fig. 130. Fig. 131. 

Fig. 130, — Photograph of motor nerve cell of ventral nerve chain of the earthworm 
showing intracellular nerve net. (Preparation by Dr, W. N, Hess, photograph by author.) 

Fig. 131. —Photograph of bipolar nerve cells located just at the point of origin of lateral 
nerve from ventral nerve cord of earthworm. One fiber penetrates the neuropile; the 
other passes out along the nerve trunk, (Preparation by W, N, Bess, photograph by author.) 


ing neurons. Some are given the function of transmitting impulses from 
the ventral nerve cord to muscle cells or other effector structures (Figs. 
130 and 131). These are the motor cells. 

A cross section of the ventral nerve cord of the earthworm taken 
through a mid-body region shows it to be oval in outline, and covered on 
the outside by a sheath made up of peritoneal epithelium, longitudinal 
muscle fibers, blood vessels, and a cuticle (Fig. 132). Within the sheath 
are to be found the neuropile, the ganglion cells, and the giant fibers. 

The neuropile is made up of a vast network of fine interlacing fibers 
which arise from nerve cells. Intermingled with the fine processes from 
the nerve cells are also strands of connective tissues and neuroglia cells 
serving as supports for the nervous structures. The neuropile is divided 
into two more or less distinct strands. 
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the neuropile are the two ventral giant fibers. These are less conspicuous 
than the dorsal fibers. 

The author is indebted to Dr. Stough for permission to use certain 
unpublished material in giving a description of these fibers. The median 
giant fiber extends from near the anterior surface of the subesophageal 
ganglion, just posterior to the divergence of the circumesophageal connec- 
tives through the whole length of the nerve cord, and terminates at the 
posterior end of the worm. This fiber increases in size as it passes pos- 
teriorly and is largest in the middle and posterior regions of the body. 
In the extreme posterior segments of the body it decreases again in size. 
In each ganglion there are two pairs of giant cells which occupy a median 


The ganglion cells are of two sorts, large and small. They are also of 
different classes, unipolar, bipolar, and multipolar. These ganglion cells 
send their processes into three bundles of large axons, dorsal, ventral, 
and lateral. The ventral bundle of axons is associated with, and fre- 
quently surrounds, the ventral giant fiber. 

There are two groups of giant fibers in the ventral nerve chain. The 
dorsal group is made up of three giant fibers, a median fiber, and two 
lateral fibers. These lie above the neuropile. In the ventral part of 


Fig. 132. — Cross section of nerve cord of earthworm: M,S., muscle sheath; G,C., giant 
cells, with fibers extending to commissure connecting lateral giant fibers; Con,, commissure 
connecting lateral giant fibers; M,G.F,, median giant fibers; L.G,F,, lateral giant fibers. 
{By the kindness of Dr, Stough,) 




Fig. 133 . — Cross section of ventral nerve cord of earthworm, prepared by Cajars 
method. Nerve cells about periphery, sending fibers into neuropile. Note also long fibers 
from center of lateral giant fibers extending well into neuropile, {photograph hy author 
from preparation by Hess,) 

On the average, the sum of the cross-section areas of the two lateral fibers 
is equal to the area of the median fiber. In each ganglion there is a pair 
of giant cells connecting with the lateral giant fiber. At intervals, the 
fused processes of numerous smaller cells also enter the lateral fibers. 
The lateral giant fibers are also coimected with each other through the 
medium of a transverse bridge, according to Stough. The present author 
has failed to find evidence of these bridges in sections prepared by a 
technic different from that employed by Stough. 

Stough contends that each giant fiber is made up of a large number of 
slender axons, so closely appressed as to make their outlines hexagonal, 
and each has a dark central point. In other words, Stough looks upon 
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position and are connected with the median giant fiber. There is also 
a pair of giant cells lying in a lateral position in each ganglion w^hose 
processes also enter this fiber (Fig. 132). The median giant fiber also 
receives processes from a number of the smaller ganglion cells. In some 
cases there is a fusion of some of these processes before they enter the 
fiber.' 

The lateral giant fibers also extend throughout the length of the worm, 
except the extreme anterior and posterior ends. At the ends the fibers 
appear to taper out, so that it is difficult to determine just where they end. 
They reach their largest development in the mid-body region of the worm. 


582 


TEXTBOOK OF COMPARATIVE PHYSIOLOGY 



Fig. 134:. — Diagram of 
the giant fibers of the right 
side of the nerve cord of 
Cambarus limosus and of 
the left side of the nerve 
cord of Palaemonetea vul- 
garis. The broken line 
running lengthwise through 
each drawing indicates the 
median sagittal plane of 
the body. The connec- 
tives between the ganglia 
are very much shortened 
except in the thorax of Pal- 
aemonetes, where they are 
normally very short: Sub- 
oe, region of subesophageal 
ganglion; med, median 
giant fiber, which in each 
form runs a continuous 
course; seg segmental 
giant fiber whose posterior 
termination is in the first 
thoracic segment. Note 
that this arrangement is 
repeated in eucceeding 


the giant fibers as large cables of fine nerve fibers. 
Other preparations give a somewhat different view 
of the matter. Figure 133 is a photograph of a 
section of the nerve cord of the earthworm show- 
ing large, dark, fiber masses reaching down from 
the central core of the giant fiber into the masses 
of neuropile. This would seem to indicate that it 
is the central portion of the giant fiber which may 
be concerned with the work of conducting. 

Each giant fiber is divided by segmental cross 
partitions, the septa being continuations of the 
sheaths of the giant fibers normally closing off 
one segment of the fiber from the next. The 
septa appear to be diagonal sheets which are 
thrust across the fibers so that the fibers take on 
the appearance of overlapping wedges. The sur- 
face of contact between the adjacent fibers is thus 
very large. 

Stough considers the giant fibers to be long, 
continuous structures reaching from end to end of 
the worm, and to be made up by the fusion of cell 
processes, Johnson was the first to show that the 
giant fibers of some of the Crustacea were seg- 
mented. In Astacus the lateral giant fibers are 
segmented, while the giant fibers of Palaemonetes 
are partially or completely fused (Fig. 134). 
Except for the first few and last few segments, the 
same giant-fiber elements occur in each segment 
and in the same order in all the ganglia of the 
worm. 

The general form and position of the fibers 
indicate a function of longitudinal transmission. 
Impulses must pass from one segment to another. 
To Stough, the septa seem to be synaptic in func- 
tion, as they undoubtedly mediate the giant-fiber 
impulses as they travel through the cord. The 
size of the septa favors such a function, as there 
is there an increased area for synaptic transfer. 
Also, the septa are colloidal in nature. There is 
the further fact that, upon section, they do not 
degenerate beyond the limits of the cut segment. 
This leads to the suggestion that they are segmen- 
tal structures. Stough says that, if the portion of 
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giant fibers in a given segment were a single neuron, one would be justified 
in thinking of the septum as a synapse. Since many neurons are involved, 
he prefers the multiple synapse with the understanding that the 
Junction is between net-like combinations of neurons on one side and a 
similar structure on the other and not merely between neurons. The 
giant fiber system is also probably polarized, and it seems likely that the 
median giant fiber conducts in one direction and the lateral giant fibers in 
the opposite direction. 

The term nerve net should be applied to the giant fiber system only 
with caution. The nerve net is usually conceived to be a fusion of 
neurons with diffuse conduction and without polarization. This con- 
dition does not exist in the earthworm. The presence of junctions which 
are functionally synaptic also limits the applicability of the term in 
a consideration of the giant-fiber system. In another sense the term nerve 
net may be applied; that which recognizes in the giant fibers a polarized 
system of neurons which are associated segmentally in net-like combina- 
tions, each of these nets coming into synaptic relations with similar nets 
in contiguous segments of the cord. 

Physiological experiments and histological examination of the nerve 
cord of Cambarus and intra-vitam staining of the cord of Palaemonetes, 
all after section of the cord, indicate that giant-fiber degeneration is not 
rapid. Electrical stimuli applied to different surfaces of the cord of 
Cambarus produce a ventral flipping of the abdomen. The reaction is 
most easily obtained when the stimulus is applied over the median giant 
fibers, slightly less easily when applied over the segmental giant fibers, 
and much less easily when applied ventrally. These experiments support 
the morphological evidence that the median giant fibers of Cambarus and 
related crustaceans transmit stimuli from the brain posteriorly to motor 
giant fibers and through these to the trunk muscles to produce ventral 
flipping of the abdomen and that stimuli from the posterior part of the 
body pass anteriorly along the segmental giant fibers toward the brain, 
which stimuli may also be transferred directly to the motor giant fibers 
from the segmental giant fibers. 

The Minute Structure of a Ventral Ganglion. — ^The finer structural 
details of the central nervous system of the earthworm have engaged the 
efforts of a large number of investigators, among whom may be named 
Friedlander, Haller, Cerfontaine, Retzius, von Lenhossek, and others. 
It would hardly be expected that these investigators would be in entire 
agreement as to the types of neurons involved in the building up of such a 
nervous system as is found in the earthworm or as to the manner in which 
these neurons are arranged. 

The first general statement that may be made is to the effect that all 
sensory cells lie outside the central nervous system and, in general, at 
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the periphery of the body. They may occur as single, isolated receptor 
cells, dr they may be grouped into small masses as indicated in Fig. 122 
and as had been demonstrated by Langdon. The cells which are found 
in the central nervous system are, then, motor cells and interniincial or 
associational cells. These cells tend, on the whole, to be arranged in a 


^ bilaterally symmetrical manner. 

The following account is a very much condensed statement as to the 
t^^pes of cells and their location in the ventral nerve cord of the earthworm 
as determined by Cerfontaine and reviewed by Fortuyn. It will be 



rior segmental nerve, Cerfontaine found 
\ A the following cell groups (Fig. 135): 

/ ’ \ Cells whose fibers run into the 

I \ anterior segmental nerve. Of these 

\ \ \. %ljj three groups: 

j[^ \ \ a. Unipolar ganglion cells whose 

bodies lie ventrally and near the mid-line 

P of the cord and whose processes leave the 

ventral nerve cord dorsally in the 

P \ U IyT'^ anterior segmental nerve of the opposite 

Fig. 135.-Diagram illustrating side. Just before the nerve leaves the 

cell , Structure of the ventral chain cord, a lateral process is given off which 

ganglia of Lumbricus: A, anterior seg- naSRes <3nten’oT] v in fhf^ poinippf i vp 
mental nerve; M, median segmental ameuony in me connective 

nerve; P, posterior segmental nerve: a toward the next preceding segment. 

!>■ Bipolar cello whose bodies lie in 
the lateral portion of the cord. Their 
long processes cross through the neuropile to the opposite side and 
leave the cord in the anterior segmental nerve. The dendritic processes 
of these cells are very short. 

c. Unipolar cells, laterally placed in the cord. Their processes pass 
forward and leave the cord in the anterior segmental nerve of the same 
side. 

2. Cells whose fibers run in the median segmental nerve. Of these 
there are three groups: 

a. Unipolar cells whose bodies lie near the level of origin of the ante- 
rior segmental nerve and whose processes pass obliquely through the 
ganglion to the median segmental nerve of the opposite side. 

b. Unipolar ceils which lie near the base of the median segmental 

nerve and whose processes leave the cord by the median segmental nerve 
of the same side. , 
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Mid-plane 


c. Bipolar cells with short dendrites, whose long neurites leave the 
cord through the median segmental nerve of the same side. 

3. Cells whose fibers leave the cord through the posterior segmental 
nerve. Of these there are three types : 

- a. Unipolar cells lying in the 
mediolateral portion of the ganglia. I 

The axis cylinders arising from these Se^incnl- A 
cells divide into two as they reach the — ^ 

base of the posterior segmental nerve, 
one branch passing out along the nerve 
and the other passing posteriorly into 
the connective leading to the next 
posterior segmental ganglion. 

&. Bipolar cells, lying posteriorly 
to the origin of the posterior segmental 
nerve. One process passes posteriorly 
into the connective; the other crosses 
the median line and passes out of the 
cord along the posterior segmental 
nerve of the opposite side. 

c. Multipolar cells. These lie in 
the cord posterior to the origin of the 
posterior segmental nerve. Their 
axis-cylinder processes cross the 
median line and divide dichotomously. 

One branch passes posteriorly in the 
other side of the cord, and the other 
branch passes out through the poste- 
rior segmental nerve of the opposite 
side. 

In addition to the cells mentioned 
above there are the following: 

1. Bipolar cells, located near the 
origin of the anterior segmental nerve, 
which send one process anteriorly in 
the connective of the same side, and 
the other process backward obliquely into the neuropile of the opposite 
side, 

2. Bipolar cells located near the mid-line. Each gives off a fiber which 
divides, one branch going anteriorly and the other posteriorly in the 
same side of the cord. , 

3. Cells at the level of median segmental nerve, which send their 
processes into neuropile of the Same side. 



Fig, 136.— -Diagram of the chains of 
nervous elements within the central 
nervous system of the earthworm, which 
are concerned in the longitudinal conduc- 
tion of nervous impulses. The nerve 
cells successively activated are numbered 
1 to 4. At each segmental ganglion these 
connect with peripheral nerve cells, one 
of which is indicated by 3'. (From 
Herrick, by permission of Henry Holt and 
Company,) 
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There are also in the cord three fiber bundles made up of the processes 
of sensory cells which make their way into the cord along the three pairs 
of segmental nerves. 

A very much simplified scheme of the types of nervous transmission 
foimd in the earthworm is shown in Figs. 136 and 137. Simple longi- 
tudinal conduction is considered by Herrick to involve the paths shown 





Fig. 137. — Diagram of the nervous elements concerned in ordinary locomotor move- 
ments of the earthworm in three segments of the mid-body region in successive phases 
of the locomotor process. (For description see text.) {From Herrick^ hy permission of 
Henry Holt & Company, Inc.) 

in Fig. 135. This is definitely conduction through a chain of neurons, 
the impulses passing on from one neuron to another through synaptic 
arrangements in each segmental ganglion. There is also provided, in 
each ganglion, a synaptic connection with a peripheral motor nerve 

> , Everyone who has observed with any care the locomotor movements 
of the earthworm will agree with Herrick that they involve a more com- 
plex series of nerve elements than is indicated in Fig. 136. Herrick has 
shown in his “Neurological Foundations of Animal Behavior” a figure 
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(reproduced here ajs Fig, 137) which shows the possible arrangement' of 
neurons involved in only one out of the whole series of neuromuscular 
reactions. Three segments in the mid-region of the body are chosen 
and designated 4, B, C. These are in successive phases of locomotor 
movement. A is taken when it is in its shortening process, B is in its 
elongating phase, and C is in its shortening phase. Each of these seg- 
ments is to be regarded as representative of the whole group of segments 
in like phase. The segments between A and B and between B and C are 
omitted. 

In his discussion of this matter Herrick says: 

Assuming that segment B is in the phase of contraction of the circular muscles 
which have been excited by motor neuron (1) with the longitudinal sei'ies of 
muscles relaxed, the resulting elongation of the body in this region exerts trac- 
tion in the skin and underlying tissues which serves as a stimulus for a sensory 
neuron (2) which passes inward from the skin to end in the ganglion. Here, the 
nervous impulse is passed on to two other neurones, one of which (3) transmits 
it upward, and the other (5) downward. The ascending impulse is taken over in 
segment A by a peripheral motor neuron (4) with resulting contraction of the 
longitudinal muscles of this segment and shortening of the body in this region. 
The descending nervous impulse is taken over in segment C by a peripheral motor 
neuron (6) which excites contraction of the circular muscles of this segment, 
thus propagating downward the phase of body elongation now in progress in 
segment B, In this way the successive phases of the locomotor movements pass 
downward along the length of the body. 

This account, however, includes only a part of the process. As each of the 
muscles is excited to contraction, there is probably relaxation of its antagonist 
(reciprocal innervation). Moreover, the nerves and muscles of both sides are 
acting synchronously. The nervous apparatus involved in these aspects of 
the total movement do not differ in principle from those here pictured, and it will 
be unnecessary to consider them in detail. 

Functions of the Neuropile. — No suggestion has been made as to 
the significance of the intricacy of the feltwork of nerve fibrils which make 
up the neuropile occupying the central portion of the ventral nerve cord. 
The mass appears to be made up of an almost hopelessly entangled mavss 
of processes of nerve cells, the fibers running in all directions and being 
the finely divided terminal processes of sensory celts, of internuncial cells, 
and the dendrites of motor ceils. Through these processes, synaptic 
communication from cell to cell may take place. It will be evident 
that impulses coming in from a single afferent neuron may become 
widespread and that impulses from a number of afferent neurons may 
be concentrated upon a lesser number of motor elements. 

Operation of Nervous System of Earthworm. — ^The rather simplified 
account which has been given of the structure of the ganglia of the 
ventral nerve cord may have conveyed the impression that the central 
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nervous system of even so lowly a form as an earthworm is a rather com- 
plicated mechamsm.^ account has been given of the structure of 
the cerebral ganglion, and none is to be given. These ganglia are some- 
what more complicated structures than the ventral ganglia. They 
receive numerous afferent nerve fibers from the receptors of the anterior 
end, and they serve to mediate the impulses coming to the central ner- 
vous system through these avenues. They also receive impulses coming 
up from the ventral nerve cord and serve to mediate these as well. The 
main idea which it is desired should be established in this discussion is 
the fact that even in so simple an animal as an earthworm there are many 
possible pathways over which impulses may travel, many possible reflex 
arcs, and, as well, many possible forms of response which may follow a 
given form of stimulation or the stimulation of a given region of the body. 

It has already been pointed out that the greater number of receptors 
at the anterior end of the animal must mean a greater shower of afferent 
impulses entering the central nervous system at this point. It is also 
very likely true that these receptors have a lower threshold of stimulation 
than receptors of the same type in other portions of the animal body. 
Weaker stimuli will then be effective in bringing about reactions. It 
is probable also that the motor nerve cells of the cerebral ganglia have a 
higher degree of specialization and a somewhat more delicate balance 
than do the cells of other parts of the central nervous system. The cells 
of the cerebral ganglia are, therefore, in position to respond to stimulation, 
from whatever source, more readily than are cells of the ventral ganglia. 
The higher degree of irritability, coupled with the greater flow of afferent 
impulses, serves to place the cerebral ganglia in a position of dominance 
in so far as the control of body movements is concerned. This dominance 
is maintained in part by the fact that the cerebral ganglion cells tend to 
occupy the outgoing paths with positive motor impulses and in part 
by the inhibition of reflexes which would otherwise take place as the 
result of stimulation of the body surface at any random points. 

It will be recalled that Loeb concluded that in the worm Thysanozoon, 
spontaneous movements were a function of the part of the body which 
contained the brain. He offered the suggestion that the failure of the 
decapitated worm to make spontaneous progressive movements may be 
the result of physical or chemical conditions and that some alteration 
in the environing conditions may lead to spontaneous movements. 
A, R. Moore has experimented with the poly clad worm Yungia aurantica. 
This worm behaves like Thysanozoon in that decapitated worms do not 
show progressive movements, Moore has succeeded in showing that 
decapitated worms still possess, in the segmental ganglia the machinery 
necessary for progressive movement. This was accomplished by the use 
of strychnine and nicotine. Moore has also succeeded in bringing about 
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progressive movements in decapitated worms by proper methods of 
stimulation. This may be accomplished by mechaiiical stimulation of 
the anterior median locus of the decapitated pieces. Chemical stimula- 
tion with a solution of phenol, 1 to 25,000 in sea water, brings about 
progressive movements which are like normal movements except that 
they are somewhat slower. He also found that a great alteration of the 
ratio of sodium and potassium ions to the calcium and magnesium ions 
was sufficient to bring about movements, though they were not of a sort 
which could be called progressive. 

From an anthropomorphic point of view, it would be natural to 
suppose that the very numerous connections of the cerebral ganglia 
with various types of sense endings in the anterior end of the earthworm 
■ — and in other worms also— must be indicative of some peculiar directive 
influence which these ganglia play in the life of the animal. The cere- 
bral ganglia of the earthworm do not have immediate control over normal 
progressive movements. They receive fibers coming from an exceedingly 
rich supply of very sensitive receptor cells, and so are in position to 
respond to impulses which would make little or no impression on other 
portions of the body. They may relay these impulses to the ventral 
nerve cord and so initiate locomotor movements. They may also inhibit 
movements which would naturally follow wholesale stimulation of the 
ventral nerve cord, as when the anterior end of the worm is cut off the 
worm writhes. The ganglia in direct control of coordinated locomotor 
movements are those of the ventral ganglionic chain. These may be set 
into action by stimuli aiising in the same segment in which they lie, or 
are conducted to the segment by fibers from the preceding or succeeding 
segment or by impulses which may arise in the cerebral ganglia as the 
result of the stimulation of some of the many receptors intimately 
associated with them. While the anterior end of the worm is very 
sensitive to light, it is just as true that other portions of the worm are 
also equipped with receptors for light. Worms which have been deprived 
of their cerebral ganglia are still able to respond to differences in light 
intensity and color. These worms are positively heliotropie in behavior, 
while uninjured worms are negative to ordinary intensities of light. 
They are also sensitive to contact, as is shown by their stereotropic 
response when they come into contact with solid objects, and sensitive 
to certain chemical substances, as is shown by the fact that they tend 
to seek and bury themselves in compost, even though the cerebral 
ganglia are destroyed. Worms which have been deprived of the cerebral 
ganglia differ from the normal worms in that they tend to crawl in either 
direction. Their reactions are therefore determined by the impulses 
which come to them from the general body surface, and which are medi- 
ated through the segmental ganglia of the ventral chain. 
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Even in the absence of the ventral nerve cord, it is possible for the 
worm to execute movements which appear to be coordinated; but the 
coordination extends through only a few segments. Such movements are 
undoubtedly brought about through the mediation of the subepidermal 
nerve plexus. This structure has been left entirely out of consideration 
by most of the investigators who have attempted to account for the 
behavior of the worm under fixed and controlled conditions. 

Comparisons of Reactions of Earthworm and Marine Worm, — 
Some of the more important results which have been obtained in studies 
of the reactions of the earthworm Lumbricus and the marine worm 
Nereis are summarized in the following statement: 


Table 70. — Reactions of Earthworm and Marine Worm 


Marine worm 


Brain present . 


Decapitated. 


Shows movements which can be 
interpreted as purposive. 

Seeks and burrows into compost. 

Negatively phototropic. Tends 
to inhibit reflexes. 

No purposive progressive move- 
ments. 

Crawls in either direction. 

Reaction time same as that of 
normal worm. 

Have same reactions as normal 
worm as regards crawling upon 
or into compost. 

Positively phototropic. 


Loss of subesophageal ganglion. 


Segmental ganglia 


Nerve net 


dant fibers. . . V. . . . 


In immediate control of loco- 
motion. 

Control tropic responses to con- i 
tact, light, chemicals. 

Serves to mediate impulses be- 
tween receptors and ventral 
cord, receptors and muscles, 
ventral cord and muscles, and, 
probably, between immediately 
adjacent segments. 

Provide for very rapid conduction 
oHmpulses through whole length 


When placed upon sand will bur- 
row into it. 

In an aquarium will crawl along 
the sides of the glass. 

Tends to inhibit reflexes. 

Crawls about on sand unceas- 
ingly. 

Does not burrow into sand unless 
anterior end is covered, when it 
burrows rapidly and secretes 
mucous to form a tube. 

Does not withdraw from obstacles 
but attempts to go through them. 

In the aquarium, attempts to go 
through the glass at corners. 

When cerebral ganglion is re- 
moved connections between the 
head and the rest of the body are 
broken. 

, Stimuli which affect receptors of 
' anterior end no longer produce 
backward movements. 

Leads to quiet. No attempt to 
burrow. Motor nerves for bur- 
; rowing arise from this ganglion. 

! Animal cannot eat. Loss of head- 
organ, the mouth, responsible for 
failure to burrow. 

Directly control muscular move- 
ments involved in burrowing and 
swimming. 
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Bovard’s Studies upon Earthworm.— Bovard, following the work of 
Friedlander (1894), has made an investigation of the transmission of 
the nervous impulse' in the earthworm. Friedlander had stated that the ' 
central nervous system plays only a minor part in the normal creeping 
movements of the earthworm. He found that it was possible to cut 
worms into two pieces and by joining these with a thread to provide for 
perfectly coordinated movements. It was also possible to remove from, 
the body of the worm a piece of the nerve cord extending through 10 or 
12 segments and still provide for perfect coordination of movement. 

Progressive movements consist of, first, a contraction of the circular 
muscles of a few segments at the anterior end. The setae become directed 
backward and take hold upon the substrate, while the longitudinal 
muscles begin a contraction which pulls the next few segments forward. 
The circular muscles of each segment contract, one after another, begin- 
ning at the anterior end and proceeding posteriorly. Immediately follow- 
ing the contraction of the circular muscle fibers, the longitudinal muscles 
contract so that a wave of extension followed by a wave of shortening 
can be seen slowly to traverse the whole animal. This is a beautiful 
illustration of the alternate activity of opposing muscles. 

Reciprocal Innervation in Earthworm. — Garrey and Moore have 
found that this alternate activity of opposing muscles is really a case of 
reciprocal innervation and, therefore, in line with Sherrington^s recip- 
rocal inhibition of antagonistic muscles as found in the vertebrates. 
Knowlton and Moore have carried the investigation a step farther and 
have shown that when the worm is under the influence of strychnine there 
is a breakdown of synaptic resistance, such as would occur among the 
vertebrates, and as a result there is a contraction of both anterior and pos- 
terior parts of the worm when the part between them is stimulated. 

Friedlander^s idea was that the nervous impulses involved in locomo- 
tion were simple reflexes, involving only one segment at a time, and that 
the individual segment received its stimulus from the muscular pull of 
the next anterior segment. A more plausible explanation, in view of 
present information, is that the impulses involved are transmitted 
through the subepidermal nerve plexus, a structure of which Friedlander 
knew nothing. 

Bovard, in his work, made use of a method devised by Biedermann, 
in which the middle portion of a worm was anesthetized by alcohol and 
nitric acid. The anterior and posterior ends would be left active, and 
the nerve cord of the anesthetized portion would still be able to transmit 
impulses. Bovard found as the result of an extended investigation 
that the spontaneous movements of the earthworm are due to the activity 
of the central nervous system. The muscular tissue of the worm is not 
rhythmically contractile. The experiments showed that the nervous 
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impulse may be conducted in both directions through an anesthetize 
region of worm. Therefore, both ascending and descending nenroiu- 
are present in the cord. The muscular tension or pull which seemed to 
Friedlander of so great importance in normal progressive movement 
could be eliminated, and the locomotor stimulus would still pass on 
down the cord for some distance. Furthermore, v/hen the tension w^as so 
eliminated by pinning the worm to a cork on a glass plate, the posterior 
part of the worm could be observed to begin rhythmic movements of 
contraction which were coordinated with those of the anterior part. 
If the anesthetized portion was only a few segments in length, the coordi- 
nation was almost perfect, and the beginning of the movement of the 
posterior part would follow in a shorter time than when the anesthetized 
portion occupied many segments. Stimulation through 20 segments was 
effective, through 28 segments rarely so, and through 30 segments w^as 
never effective. 

Bovard also made preparations in which he dissected the nerve cord 
free, so that the anterior surface of the worm was connected with the 
posterior only by a nerve bridge. In such a preparation the locomotor 
impulses could be transmitted through considerable distances— more than 
10 segments easily, over 20 segments in favorable cases, and over 28 seg- 
ments rarely. There was no record of the transmission over any larger 
number of segments. The longer the bridge the greater the difficulty 
found in transmitting the nerve impulse. Normal stimuli in normal 
worms do not pass the whole length of the cord. They die out in transit. 
There are sometimes summation effects of w^eak impulses which pass 
through a considerable length of cord and then give rise to a contraction. 

The rate of transmission of the nerve impulse is very variable. It 
may be as fast as 100 mm. per second, or it may be so slow that it will 
die out in the cord, never emerging from an anesthetized region. The 
average rate of transmission is about 25 mm. per second. One is tempted 
to raise the question at this point of whether Bovard^s use of the term 
^^slow^’ is fully justified. 

End-to-end movements are probably accomplished by impulses 
carried by the giant fibers. These fibers run the whole length of the 
animal and carry impulses at the rate of 1600 mm. per second. 

A study of the anatomy of the nerve cord shows that it possesses 
no long fibers. The processes of a given cell may j oin successive ganglia, 
but none extend for any great distance through the cord except the giant 
fibers. 

■ / The peculiarities of the locomotor impulses in transmission, such as 
the variability in the rate of speed and the slowness of it, can be accounted 
for on the basis of the structure. The impulse to make its way down 
the cord must pass in each , ganglion at least one synapse, and the possh 
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bility is that there would , be more than this. ' Each synapse would not 
only cut down the strength of the impulse but would also slow down the 
speed because of the time consumed in crossing the gap between neurons. 
In normal creeping, the impulses travel regularly down the cord because 
each contraction of circular and longitudinal muscle in each segment sends 
in locomotor impulses which reinforce the impulse passing downi the 
central nerve cord, and any loss through the synapse is made up in this 
way. If for any reason the muscular actmty fail or if the nervous con- 
nections to the cord be destroyed, the locomotor impulse traveling down 
the cord in this region would decrease in strength and in rate because of 
the lack of reinforcement. 


Table 71.— SuMMABY or Rates of Nervous Transmission in 'Wobmb {Carlson and 

J enhins, from Bovard) 


Species 

Direction 

Centimeters per 
second 

Cerebratulus 

P-^A 

5. 4-9.0 

Aulastoma lacustre 

P-^A 

56.0 

Cirratulus sp 

P--^A 

90.0 

Arenicola sp 

A-^P 

120.0 

Bispira polpmorpha 

P-^A 

694.0 

Aphrodite sp 

A’-^P 

64.0 

Polynoe pulchra 

P->A 

293.0 

Sthenelais fnsca 

P->A 

205.0 

Eunice sp 

P-^A 

466.0 

Nereis sp. 


165.0 

Nereis virens 

P-^A 

89.0 

Nereis virens 

A-~^P 

73.0 

Tjwmhriconereis sp. 

P-^A 

45-241.0 

T jumhriconereis sp. 

P-^A 

49-937.0 

Lumbriconereis sp 

A-^P 

42-160.0 

Glycera Tugosa 

A-^P 

433.0 

Glycera rugosa 


435.0 



Muscle Tension and Reflexes in the Earthworm and Nereis. — ^A. R. 
Moore made use of preparations of the earthworm in which the cutaneous 
receptors have been anesthetized by placing the animals in M/8 magne- 
sium chloride solution, which was allowed to act until stroking with a 
moistened camel’s-hair bnish would elicit no response. Moore found that 
when a piece was cut from the median region of the worm and suspended 
so as to make kymograph records, no spontaneous contractions would 
occur unless the muscle was weighted. If the muscle was weighted with a 
load of 1 to 2 g., there was an immediate extension of the muscle strip 
followed by a series of contractions of the longitudinal muscles as long 
as the weight continued to act upon the muscle or until the muscle became 






such a reaction as 


594 TEXTBOOK OF COMPARATIVE PHYSIOLOGY 


fatigued. It is to be noted in this experiment that when tension is the 
exciting cause the first phase of the reaction is an extension. This 
involves a contraction of the circular muscle fibers. If dermal stimula- 
tion is the exciting cause, extension is the first phase only if the stimulus 
is applied at the anterior end of the preparation. “It is evident that 
receptors for tension exist in the musculature of the worm.” Since 
stretching of the longitudinal muscles brings about contraction of the 
circular muscles, it is clear that the receptors which are stimulated by 
tension must be connected with the circular muscles. Dawson has 


Fig. IHS . — A part of the sympathetic nervous system of the earthworm Lumhrims 
agricola, showing its relation to the pharyngeal commissure. S, supraesophageal ganglion; 
C, pharyngeal commissure; subesophageal ganglion; BN, small nerves connecting the 
commissure and the gangliated chain; GC, gangliated chain; T, one of the nerve trunks of 
the plexus leaving the posterior border of the gangliated chain and running posteriorly; 
.NA, one of the nerve trunks leaving the anterior border of the gangliated chain and running 
«’'‘<-eriorly. 


Ugured nerve cells lying in the ventral musculature, which he interprets as 

sensory cells. The existence of the subepidermal 

makes the necessary structural provision for 
mdieated. 

Autonomic Nerve System of Earthworm.— The 
nervous system of the earthworm would be incomplete if reference were 
not made to a part of it which may be called an autonomic nervous 
system. 

This consists essentially of three parts: (1) six ± nerves which con- 
nect the circumpharyngeal connective with the pharyngeal plexus or 
gangliated chain (F, Big. 126); j (2) the gangliated chain; (3) the two sets 
of nerve trunks leaving’ the mar^ns of the chain, one set running ante- 
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riorly and one posteriorly (Fig. 138): The nerve trunks branch freely,' 
usually forming enlargements containing nerve cells at the points where 
two nerves come together. These trunks and their branches form a very 
delicate plexus upon the wall of the pharynx, reaching completely around 
it and the wall of the buccal cavity. As the plexus extends backward 
along the esophagus and forward toward the mouth, the nerves become 
finer and finer and their arrangement more complicated. There is much 
diversity in the arrangement of the parts of this autonomic system in 
individual worms and also in the right and left sides of the same specimen. 
The ganglion cells found in the gangliated chain do not differ from those 
found in the commissure and are in general located at or near the 
periphery of the nerve. 

While it has not been possible to trace continuously these nerve 
fibers to more posterior parts of the alimentary tract, it may be stated 
that a very definite plexus of nerve cells and fibers has been found lying 
in among the bases of the epithelial cells lining the stomach intestine. 
The fibers run both longitudinally and circularly and appear to connect 
with the two sets of muscle fibers in the intestinal wall. 

The Homostrophic Reflex. — Morgulis has shown that, when the 
posterior segments of an earthworm are deflected in a given direction, 
the worm turns its anterior end so that the axis of the anterior segments 
tends to lie in a line parallel to the axis of the posterior segments. Moore 
interprets this action as the result of reflexes arising from unequal tension 
of the musculature of the body wall. He has shown that the receptors 
involved lie within the muscle wall and that the conducting pathways 
lie within the ventral nerve cord, since section of the ventral nerve chain 
at a point anterior to the point of flexion prevents the completion of the 
reflex. Moore terms this reaction, which results in the course of progress 
being brought into line with the enforced orientation of the posterior 
part of the worm, the homostrophic reflex. Moore finds, also, that the 
receptor elements involved in this reflex are distributed through prac™ 
tically the whole length of the worm, while the effector elements are 
limited to the anterior 20 segments. 

Among more highly differentiated forms, this homostrophic reflex 
plays a relatively less important role than in the earthworm, since in the 
higher forms there are developed receptor organs of considerable variety 
and eflSciency. Even in the rather closely related form Nereis, there is 
to be noted some difference in the quality of the reflex. In Nereis the 
homostrophic response takes place as it does in the earthworm; the 
receptor elements are distributed through nearly the whole length of 
the body; the ventral nerve chain serves as the conducting pathway; the 
section of the nerve cord at any point posterior to the subesophageal 
ganglion abolishes the reflex. Here, the effector elements are much more 
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highly concentrated in the anterior end of the nerve cord than in the 
earthworm. Removal of the head of the worm greatly weakens the 
speed and definiteness of the reaction. The mediation of the reflex 
by the brain and the anterior two or three segmental ganglia is consistent 
with the high degree of cephalization found in this animal. 

, HomostropMc Reflex in Diplopods. — ^Among the arthropods there is 
difficulty in finding forms which are sufficiently flexible to show the homo- 
strophic reflex. The diplopods Julus venustus, Parajulm penn,, and 
Polydesmus furnish suitable material. Crozier and Moore found, in a 
study of the forms mentioned, that a unilateral tension of the body affects 
the orientation of the head, and also the direction of locomotion, in a way 
similar to that in which it affects the annelids. In these experiments it 
was found desirable to work under red light and to remove the antennae 
so as to reduce the variety and intensity of stimuli coming to the central 
nervous system through the sensory organs of the head. When the 
animal is placed upon the table in a curved position, it tends at once to 
place the long axis of the head in a line parallel to the axis of the tail. 
If the animal is creeping actively and the tail is bent gently to one side, 
the axis of the head is immediately brought into a line parallel with the 
tail axis. In order to bring about these effects, tension must be applied 
between four or five segments from the anterior end and the fourth from 
the posterior end. The terminal segments cannot be bent. Receptors 
for this reaction are probably distributed through the body as in the 
annelids. Cutting of the ventral nerve cord at any level destroys the 
reaction. The removal of the head leaves the animal capable of living 
for several days, capable of locomotion, but with no trace of the homo- 
strophic reflex. In this case the brain seems to be an essential part for 
the motor part of the reflex. 

Nervous Organization among Arthropoda. — Numerous investigators 
have studied in some detail the nervous systems of many of the Arthro- 
poda. Retzius, Bethe, Kenyon, Haller, Binet, Berlese, and Hilton have 
all given accounts of the structure of one form or another. These 
accounts help to give us an understanding of the ways in which these 
different systems operate. It is not the purpose here to enter into any 
exhaustive discussion of the structures involved, but simply to point 
out in a very general way the plan of organization of the nervous 
system in two of these higher invertebrates. The forms presented 
are the phyilopod Branchipus and the aquatic insect larva Corydalis 
cornutus. 

It is among the Crustacea and Insecta that the ladder type of nervous 
system attains its most diagrammatic, and also its greatest, development. 
The form and the general arrangement of the nervous system of the 
phyilopod crustacean Brancliipus have been described by Hilton. A 
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short review of the structures fouad in this form will assist materially in 
making clear the structure and mode of operation of the nervous systems 
of other forms, higher in the animal scale, for ail are apparently con- 
structed upon the same fundamental plan. This fundamental plan is, in 
many forms, very well concealed or obscured by the disproportionate 
development of certain parts of the system. The centralimtion and the 
cephalization of ganglia, which occur in many of the 
higher Arthropoda, tend to obscure the typical form 
of arrangement. 

In Branchipus the nervous system (Fig. 139) is 
very clearly of the ladder t3rpe of structure, which has 
been described as being characteristic of other lower 
crustacean forms. It consists of a supraesophageal 
ganglion, with well-developed optic nerves arising from 
its frontolateral aspects, and two other pairs of nerve 
going to the antennae and antennules arising more 
posteriorly, on or near the esophageal connectives. 

Anteriorly, there are given off from the supraesophageal 
ganglion, or 6mm, a median nerve going to the median 
eye, and two pairs of small nerves going lateral to it. 

From the outer borders of the supraesophageal 
ganglia, there pass backward two long, nearly parallel 
strands. In each segment of the body below the brain 
there is ordinarily a ganglionic enlargement contain- 
ing numerous nerve cells on each of these strands. 

Each ganglionic enlargement is connected with its 
neighbor in the same segment by transverse commis- 
sures and with the ganglion of the next preceding and 
next succeeding segments by longitudinal connectives. 

In Figs. 140, 141, and 142 Hilton's findings concern- 
ing the relations of cells and fiber tracts in some of the Yiq. 139 . — The 
different ganglia of Branchipus are represented. Cells 
of the unipolar and bipolar types are common; multi- ^enaiis: Sup,oes.g., 
polar cells are less numerous. In the ventral ganglia oes.con., eso- 

the cells tend to be massed into rather large ventro- phageai connective; 
lateral groups, and smaller mesioventral groups. ganglion; venLg., 
Many of the cells show a definitely fibrillar structure, ventral gan^ionio 
Some of the cells appear to have no large branches, but 
fibrillae leave and enter the cell. The numbers of cells vary in the ganglia 
of different animals and in different ganglia of the same individual. In 
Branchipus there are from 130 to 204 cells in each of the ventral ganglia. 
Cells also occur along the commissures, but their number varies widely 
from 35 or more down to 10 or less. 
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Hilton found that the brain of Branchipus is united from side to side 
by four commissures, a dorsal, two medial, and a ventral 

The ventral commissure lies below a small group of medial cells. It is in 
part made up of the processes of nearby cells and from the basal parts of the con- 
nectives. Many fibers of the medial tracts may be traced into the optic lobes. 
Mbers from the largest median cephalic cells descend the connectives. Fibers 
from cephalic and lateral cell groups cross in the center of the brain and either 



Fig. 142 , — Sixth and first ventral ganglia of Branchipus. Surface view. Cephalic side at 

the top. {After Hilton,) 

run straight into commissures or cross somewhat diagonally. Fibers from the 
smaller cells groups on the connectives near antennal nerves descend the con- 
nectives and ascend into the central parts of the brain to the same side or the 
opposite side. The small cephalic branches of the brain send fibers for a short 
distance into the brain and cells near here supply them. The mass of the con- 
nective fibers runs straight into the central parts of the brain. Fibers from 
cephalic lateral cells cross at angles to relate themselves to various cell groups, 
to run in the optic nerves, and to run into the central part of the brain. 

In general, the distribution of tracts in the ventral ganglia is as follows: 

1. Fibers in the connectives ascending or descending. 
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2. Fibers from the branches or nerve trunks end, cross in commissures, and 
ascend or descend in the connectives. Many end where they enter the ganglia, 
or on the opposite side in the same ganglion, or in the opposite ganglion. 

3. Fibers in the commissures cross from cells of either group and end in 
relation to cells of either group of the opposite ganglion. Fibers in the 
commissures may also be seen to ascend or descend in the direction of the 
connectives. 

4. Each cell area of each ganglion is probably connected as follows: (a) 
Fibers to other cell areas of each side through the commissures, (b) Fibers to 
cell areas of each side not from the other side through the commissures, (c) 
Ascending fibers, (d) Descending fibers. 

The commissures are probably made up as follows: (u) Fibers from cells in 
upper levels. (6) Fibers from lower levels, (c) From the same level from both 
sides, especially from median cells, (d) Probably, fibers to and from lateral 
branches of ganglia, although this was not clearly demonstrated. 

The form Corydalis is chosen because its nervous system is of a 
very generalized type. A pair of ganglia exists for practically every 
segment of the body. Only in the last abdominal segment has there 
occurred any of the condensation of ganglia which is characteristic 
of the higher insecta. The nervous system is distinctly of the ladder 
type of structure, as was that of Branchipus. The various ganglia of the 
central nervous system are connected longitudinally by means of longitu- 
dinal connectives. Cross connections between the two sides of the nerve 
cord are effected by means of commissural fibers. The nervous system 
consists of a pair of supraesophageal ganglia, or brain, from which arise 
optic, antennal, clypeolabral, and other nerves, and a ventral nerve chain. 
The brain is connected to the ventral nerve chain by means of the crura 
cerebri. In this form the ventral nerve cord is made up of the subeso- 
phageal ganglion, three thoracic ganglia, and eight abdominal ganglia. 
From the subesophageal ganglia, the mandibular, maxillary, labial, 
gustatory, salivary, ventral, and median nerves arise which are associated 
with the sympathetic system. From the thoracic ganglia, nerves arise 
which go to the rear of the head, to the legs, to ventral and lateral muscles 
of the thorax, to the wing muscles of the adult, and to the tracheal system. 
From the abdominal ganglia, trunks which divide into five branches arise, 
supplying the abdominal muscles, tracheal waU, etc. 

In addition to the ventral nerve cord, there is a sympathetic system 
which is divided into two parts— an upper and a lower. The upper 
sympathetic nerve is confined to the anterior and dorsal part of the 
alimentary canal, especially to the pharynx and esophagus within the 
head. It is made up of an unpaired or vagus portion and a lateral 
paired portion. The vagus nerve consists of a number of nerves — 
pharyngeal, vagus ganglion, stomatogastric, recurrent, etc. The lateral 
or paired portion of this system is made up of small ganglia and nerves 
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supplying the dorsal and lateral portions of the anterior portion of the 
esophagus. The lower or ventral sympathetic system consists of a 
median, minute nerve extending backward from each of the first eleven 
ganglia. It usually gives rise to lateral branches connected with the 
respiratory apparatus. 

Hilton has studied by means of 
intravitam methylene blue prepara- 
tions and by serial sections the cellular 
arrangements of the central nervous 
system of Corydalis. Some of the 
results of his work may be seen in 
Figs. 143 and 144. In these figures 
the solid lines represent fibers of the 
sensory tracts, the dash lines represent 
fibers of the motor tracts, and the 
dotted lines represent fibers of the 
internuncial neurons. The central 
portion of the ventral ganglion is, in 
each case, filled with a felted neuropile 
in which numerous nerve fibers inter- 
mingle and end, while the motor and 
associational cells, as a rule (except in 
the supraesophageal ganglia), lie 
ventrally and caudally to the neuro- 
pile. Hilton made out the following 
sensory tracts: 

1. Fibers which end in the ganglia 
to which their nerve trunks are con- 
nected. These may end either on the 
same side or on the opposite side, or 

the fibers may divide and end on both ^ i • i t - 

Fig. 143. — A, last abdoimiial ganglion 

sides of the cord. of Corydalia cornuta; j 5, seventh ab- 

2. Fibers which do not terminate dommai gan^oa; c, one of the thopcio 

gangha. Solid lines —indicate 



in the ganglion to which their trunts seasory nerve hbers; dash lines- 
are connected. Some of these run up 

the connectives to terminate in the fibers. The various pathwaj^s should be 


ganghon next above, either on the followed in eonneotionmth the reading of 
same side or the opposite side or both. 

3. Fibers which enter a gangKon, give off branches to its central mass, 
and then pass up into the ganglion next above to terminate there. 

4. Fibers wHch enter a ganglion and pass through more than one 
ganglionic center on their way toward the brain. Just how far a fiber 
mass may pass in this way was not determined. 




Fig, 144. — subesophageal ganglion of Corydalis cornuta; supraesophageal ganglion; 
F, frontal ganglion; F, vagus ganglion; o, antennal nerve; ar, arched nerve; cl, ciypeoiabrai 
nerve; cr, crura cerebri; co, commissure; gustatory nerve; I, labial nerve; m, mushroom 
body; mn, mandibular nerve; mx, maxillary nerve; o, optic nerve. 


2. Fibers from various nerve trunks, terminating in the ganglia, 
usually in the deep mass of Punhtmhstanz. 

3. Fibers running from the subesophageal up into the supraesophag- 
eal ganglion, crossing in the commissure and running up the crus of the 

^ 4. Similar to 3, but running up the same side* There are several 
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The distribution of fibers in the larger head ganglia was much more 
difficult to determine. The following kinds were distinguished: 

1. Fibers from connectives below, terminating in the ganglia, both 
on the same side as the entrance and on the opposite side. 
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Hilton, finds that most of the cells within the ganglia' may be spoken 
of as motor 01 association cells. Usually, the cells are located in the 
posterior and ventral portions of the ganglia and extend forward along 
the sides of the Punktsubstanz, The supraesophageal ganglion has cells 
thickly massed on all sides except lateral and ventral Processes from the 
cells penetrate the PunktsuhstanZj and some of the more superficial cells 
send processes out over the surface of the ganglion. In the subeso*- 
phageal ganglion the cells form quite a covering on all sides but especially 
at the caudal and cephalic regions. 

Most of the motor neurons appear to send their fibers into the central 
PunUmhstanz, In this mass it is diflSicult to follow individual fibers 
with certainty, but it seems that many motor fibers emerging in the nerve 
trunks have their cell bodies on the opposite side of the cord. The motor 
cells are provided with numerous dendrites and frequently lie at some 
little distance from the trunk along which their main processes pass. 
A smaller number of nerve cells each send one process directly into the 
nerve trunks nearest to them and numerous dendrites into the Punhtmlh 
stanz. Motor tracts between the ganglia are not easily recognized, but 
there are indications that both ascending and descending motor fibers 
may pass through one or more centers. 

Ail of the ganglia show a few cells with nerve processes which cannot 
be traced into any nerve trunk. These are called association cells. They 
may be small but frequently are large. Some send their processes to 
the surface of the ganglion, apparently forming relations with many 
surface cells, while others send their processes straight down so as to 
bring into association dorsal and ventral neurons. Some cells send proc- 
esses into both directions to ganglia above and below, and thus bring 
these into correlation. 

The Nervous System of the Crayfish. — In the nervous system of the 
higher Crustacea, the processes of centralization and cephalization have 
gone on to a considerable extent. The nervous system of the crayfish 
(Fig. 145) may be taken as an example. In this form there are repre- 
sented in the supraesophageal ganglion the ganglia of three segments; in 
the subesophageal ganglion, the ganglia of six segments; while the five 
thoracic ganglia and the six abdominal ganglia each represent a single 
ganglion. 

Autonomic Nervous System of Crayfish. — In the crayfish and similai' 
Crustacea there is a portion of the nervous system distributed to the 
visceral organs in such a way as to warrant the designation ^^sympathetic 
or autonomic nervous system.^' In the crayfish the esophageal ganglion 
and especially the commissural ganglion are detached portions of the 
central nervous system, possibly comparable to the bulbar’^ section of 
the vertebrate vegetative nervous system on the one hand and the 
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esophageal and frontal ganglion of insects on the other. There are 
grounds for believing that the resemblances in the structure of the sympa- 
thetic nervous systems of vertebrates and arthropods, already noted in 
the structure of the peripheral visceral ganglia, with closer acquaintance 

will also be discovered in the structure 
of the central ” elements of the vegeta- 
tive nervous systems. 

Experiments which have been made 
upon the crayfish are very significant 
for an understanding of the functions of 
the nervous systems of such segmented 
forms. Bethe found that, if both 
esophageal commissures are sectioned 
so as to cut off the supraesophageal 
ganglion from the rest of the central 
nervous system, all spontaneous pro- 
gressive movement is destroyed. If the 
animal is stimulated, it will move 
forward for a short distance but does 
not continue progressive movements 
for any length of time. Animals which 
have been deprived of the supraeso- 
phageal ganglia show marked pendulum 
movements of the appendages, and 
these are unceasingly cleaning each 
other. The legs are somewhat more 
strongly flexed than normal at the Junc- 
tion with the body, owing apparently to 
the fact that the extensor muscles have 
suffered loss of tension. The presence 
of the pendulum and cleaning move- 
ments in the operated animals and their 



JFiGf-. 145, — Central nervous system of 
the crayfish: 1, supraesophageal gan- 
glion; 2, circumesophageal connectives; 3, 
infraesophageal ganglion; 4, thoracic 

absence in the normal individuals sug- 
gest that the supraesophageal ganglion 
acts as an inhibitor to reflexes which 


the Brain.'* By permission of Q, P, 
Putnam*s Sons.) 


would otherwise be continually taking place as the result of the 
stimulation of end organs connected with the segmental ganglia. It is 
also true that the operated animals are not able to grasp as strongly 
with their chelae as do the normal animals. The destruction of the con- 
nection between the supra- and infraesophageal ganglia does not inter- 
fere with the normal eating movements of the animals operated upon. 
Loeb, in his “Comparative Physiology of the Brain,” quoted from Bethe 
the following statement; . • 
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The animal devoid of the supraesophageal ganglion is able to eat and selects 
its food. It is true that pebbles, small pieces of wood, etc., are seized the 
forceps of the front pair of legs, but when brought near the mouth they are 
rejected. A piece of meat, however, is always taken into the mouth and masti- 
cated. The swallowing is difficult, just as in Carcinus. The piece often remains 
for a long time between the maxillipeds without being swallowed and at last 
falls to the ground. Pieces of paper that have been saturated with meat juice 
are treated in the same way. Stones that have been covered with meat juice are 
also brought to the mouth, but no attempt is made to masticate them. They 
are usually dropped as soon as they come into contact with the maxillipeds. 

Among the Crustacea generally, it is true that cutting the longitu- 
dinal connectives between the subesophageal ganglion^ wffiich supplies' 
the mouth parts, and the first thoracic ganglion, which supplies the 
chelae, has no serious effect upon movements of the locomotor append- 
ages. In the crayfish, however, the locomotor movements are rendered 
impossible, even though the legs are not paralyzed, as is shown by the 
fact that they perform cleaning movements. 

If, instead of cutting both circumesophageal connectives in the 
crayfish, only the one on the right side is cut, there is a vary marked 
difference in behavior. Bethe found that: 

1. Stimulation of the left side of the head through contact induces 
movements of the appendages of the same side toward the stimulated 
area, followed by similar movements of the appendages of the right side. 

2, The animal attempts to escape by a backward movement. 

If the right side of the head is stimulated in a similar way, there is 
no attempt on the part of the animal to make such movements as have 
been indicated. Conduction posteriorly is limited to the longitudinal 
connective of the side stimulated. Transverse commissures are present 
in the supraesophageal ganglia, but they are apparently not effective 
in calling forth bilateral reactions when the animals are stimulated in 
the manner suggested. While it has not been demonstrated, in so far 
as the author is aware, that the giant fibers (Fig. 134), which are of 
common occurrence in the Crustacea, have the same function as is 
assigned to them among the worms, it may be said that the presence of 
such fibers in the nervous systems of the Crustacea makes understandable 
the very rapid and powerful movements involved in the backward swim- 
ming of the crayfish. 

Cutting of one of the circumesophageal connectives results also in 
a loss of tone of the body muscles of the same side, and the body tends to 
become convex in outline on that side* Whenever the animal moves, it 
tends to perform circus movements directed toward the uninjured side. 

Hardy^s Experiments upon Crayfish Nerve Cord. — Semisection of 
the nerve cord in the crayfish between the first and second thoracic 
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ganglia has the immediate result of loss of tone in the walking limbs, 
abdominal muscles, and uropods on the same side as the injury. After 
4 days the abdominal muscles recover their tone, and the animals are 
able to swim, but owing to the continued paralysis of the uropods, they 
invariably land on their backs. After the shock of the operation is over, 
the pleopods resume their regular beats, but the paralysis of the walking 
legs persists. The uropods, which play an important part in the orienta- 
tion of the animal while swimming, are so completely controlled by the 


brain as to be permanently paralyzed by semisection of the nerve cord, 
but the pleopods are apparently independent of cerebral control. When 
the nerve cells are cut away from beneath one of the abdominal ganglia, 
the immediate disturbance is very slight and suggests that the connection 
between the nerve cell and its fiber is solely tropic. 

Experiments upon Sicyonia.- — ^Experiments made by Matula upon 
Sicyonia, a small decapod crustacean, may be of interest at this point. 
An attempt was made to find the part played by the higher ganglia in 
the regulation of the reflex swimming movements of the animal. The 
nervous system consists of a cerebral ganglion, connected by two com- 
missures with a chain of thoracic and six abdominal ganglia. The body 
wall is transparent and permits easy severance by means of a needle 
of the circumesophageal connectives, or of the connectives between the 
thoracic and abdominal ganglia, respectively. 

The normal animal exhibits a forward swimming movement in which 
there is involved the rhythmic action of five pairs of pleopods and a 
backward flight movement due to powerful flexion and extension of the 
abdomen with quiescent pleopods. After section of the longitudinal 
commissure between the thoracic and abdominal ganglia, mechanical 
stimulation caused, in 70 per cent of the animals, a reflex movement of 
the last pair of pleopods alone; while in a few cases the higher abdominal 
segments were excited in diminished degree. After section of the 
circumesophageal commissure each pleopod responded to slight stimula- 
tion, while stronger stimulation initiated rhythmic swimming movements 
, instead of the normal response of the backward flight. Matula concluded 
that the centers for coordination of the pleopods lie in the abdominal 
ganglia but that their excitability is small when they are separated from 
the thoracic ganglia. When the thoracic and abdominal ganglia are 
intact, reflex excitability is increased, but the action of the pleopods can 
be inhibited only when the whole nervous system is intact. 

Experiments upon the Lobster —Fredericq has shown that in the 
lobster, the subliminal faradization of the anterior parts of the ganglionic 
nerve cord of the tail lowers the chronaxie of the posterior parts. This 
result is generally reversible IbUt the return of normal chronaxie may be 
delayed for a short tiine after the ^ to This proves that the 
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central nervous system has a modifjung influence upon the excitability 
of the peripheral nervous system. 

The ■ Nervous System of Limulus. — The horseshoej or king crab 
Hrnulus is provided with a very elaborate, complicated, and highly 
centralized nervous system. This nervous system has the segmental 



Fia. 146. — The nervous system of Limulua polyphemua: 1, carapace; 2, median eye 
nerve; 3, hemal branch of integumentary nerve; 4, second hemal nerve; 5, right olfac- 
tory nerve; 6, median olfactory nerve; 7, supraesophageal ganglion; 8, origin of fourth 
neural nerve; 9, lateral nerve; 10, ventral cord; 11, sympathetic nerve. {From Fatten and 
Eedenbaugh.) 

arrangement characteristic of other Arthropoda, as shown in Fig. 146. 
This figure is copied from the drawing by Patten and Eedenbaugh in 
the Journal of Morphology and gives some idea of the complexity of struc- 
ture found in the ring about the esophagus. The animal is provided 
with a variety of sensory receptors, including eyes, gustatory organs, 
endings of temperature sense, etc, Thi^ are also developed in the 
nervous system definite centers of control of various functions — visual, 
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gustatory, cardiac, respiratory, etc. In this animal it is possible, on the 
whole, to study to good advantage the normal behavior, the reactions to 
careful and well-controlled stimulation, the effect of operations, etc., 
since the animal is somewhat sluggish and does not become greatly excited 
under laboratory conditions, if it is carefully handled. The greatest 
difficulty experienced in working with this form is due to the almost 

unavoidable loss of blood as the result 
of operating upon the central nervous 
system. 

Studies of the functions of the 
various parts of the central nervous 
system have been made by Loeb, Miss 
Hyde, Patten, and Pearl. The central 
nervous system consists of supra- 
esophageal or cerebral ganglia, an eso- 
phageal ring, a subesophageal ganglion, 
and a series of abdominal ganglia. 
These structures are evidently not per- 
fectly homologous with structures bear- 
ing the same names which are found 
in other Arthropoda. For example, 
the esophageal ring is here a structure 
containing many ganglion cells instead 
of being simply a connective between 
ganglia. It is as if the connectives had 
become very much shortened, so as to 
bring some of the thoracic ganglia up 
very close to the supraesophageal 

Fig. 147. — Diagram showing domi- , 

nance of flexors over extensors in the Experiments have shown that when 

right M of the supraetoplageal 

destroyed. (From Loeb, '' Comparatite ganglion is removed the animal tends 

to move in a circle toward the left. 
After a time these circus movements 
disappear. If the whole of the supraesophageal ganglion is removed, the 
animal may take food which is placed upon the organs of the mouth, but 
it has lost all spontaneity of movement. It no longer recognizes mem- 
bers of the other sex. 

The centers controlling food-takmg and eating movements are located 
in the esophageal ring. If the ring is cut, circus movements toward the 
injured side take place. This is due to the natural dominance of flexors 
over extensors as shown in ISg. 147. If ganglia are removed from the 
esophageal ring, permaneflt paralysis of the corresponding appendage 
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results. Each appendage behaves normally so long as the portion of the 
esophageal ring from which it receives its nerve supply is in normal rela- 
tion with it. Feeding movements are reflexes involving chemical and 
contact receptors on the coxal portions of the appendages. Stimulation 
of these brings on a muscular spasm of the stomodaeum by which means 
food materials tucked into the mouth are swallowed. The leg move- 
ments employed in mastication involve both flexor and extensor muscles. 
Patten is of the opinion that the motor ganglion cells controlling the 
movement of the appendages lie in pedal ganglia which are located 
between the central nervous system and the bases of the appendages. 

Removal of the subesophageal ganglion destroys the power of the 
animal to move normally. The animal remains quiet, though it may 
carry on normal respiratory movements of the gill plates. In the normal 
animal a gentle stimulation of the outside of the thorax, as by warmth, 
causes aimless movements of the legs of the opposite side, followed by 
aimless movements of the legs on the same side. Stronger stimulation 
has the effect of causing the legs of the same side to make coordinated 
movements tending to thrust the stimulating object away. The legs of 
the opposite side may join in this effort. Here, we have a very good 
example of a crossed thoracic reflex. 

If the nerve ring is cut on one side, stimulation of the cut side pro- 
duces the same result as before, except that the legs back of the cut, on 
the same side, do not make purposeful ^^thrusting-away^^ movements, 
while those cephalad to the cut do make such movements if the sides of 
the thorax cephalad to the cut are stimulated. 

In Fig. 146, showing the arrangement of the central nervous system 
of limulus, fine cross lines will be noted just back of the esophagus. 
These represent thoracic transverse commissures. If all the transverse 
commissures be cut, all the crossed reflexes cease. 

Control of the Respiratory Mechanism. — ^Loeb had claimed that the 
respiratory function is served by afl the segmental abdominal ganglia 
whose nerves pass to muscles activating the gill plates. Each ganglion 
was considered to have automatic activity and control over the gill plate 
of the corresponding segment. The rate of respiration is apparently 
determined by the temperature and the concentration of carbon dioxide in 
the blood. The gill plates move in unison so long as the abdominal 
nerve trunk is intact. If abdominal ganglia are isolated from each other, 
the respiratory rate is maintained by all the gill plates with a fair degree 
of constancy, but the phase of movement may not be the same in all 
appendages. Loeb expressed the opinion that the ganglion which acts 
most quickly to the natural stimulus stimulates those ganglia connected 
with it and so determines the correspondence of phase. When the con- 
nection between adjacent ganglia is broken, there is no longer the pos- 
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sibiKty of such correlation. Patten claims that only a part of the 
respiratory mechanism is located in the abdominal ganglia and that a 


Fig. 148.“' Nervous system of the worker bee: AntNv, antennal nerve; 0, ocellus; 
Ef compound eye; lJ?r, protocerebral lobe; OpL, optic lobe; IGug, 2Gng, thoracic ganglia; 
BGng~~IGngt abdominal ganglia. {From SnodgrusB, AnMomy and Physiology of the 
Honeybee”) 


very important part is located in what he calls the vagus ganglion, a 
ganglion lying at the posterior end of the subesophageal ganglion. 

' Nervous System of the Hoiieybee--^3For a statement as to the struc- 
ture of the nervous system pf the honeybee, the author is indebted to the 
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work of Dr. Snodgrass, three of whose 'figures are here reproduced. ■ As 
will be seen in Fig. 148 the nervous system, of 'the honeybee shows the 
same fundamental ladder type of structure and the segmental features 
that have been found to characterize the nervous systems of other arthro- 
pods and worms. It will be noted that there is, in proportion to the size 
of the animal, a greater development of the nervous system than is found 




-ihm 


LmNv 


Fig, 149. — Brain and subesophageal ganglion of worker bee, anterior view: 0, ocellus? 
IBr, protocerebral lobe; AntL, antennal lobe; AntNj antennal nerve; FrCom, frontal 
commissure; LbNv, labial nerve; MdNv^ mandibular nerve; compound eyes; OpL, optic 
lobe; 2Br, deutocerebrai lobe; SoeGng, subesophageal ganglion; StgNv, stomatogastrlc 
nerve; MxNv, Maxillary nerve. {From Snodgrass, ** Anatomy and Physiology of the Honeys 


in many other arthropods. There is also evidence of very great central- 
ization and cephalization of nervous elements (Figs. 149 and 150). 
Embryologicai study has shown that there are three pairs of ganglia 
represented in the supraesophageal ganglia, and three pairs in the sub- 
esophageal ganglia. These ganglia are very closely appressed, and the 
circumesophageal commissures are so shortened that the subesophageal 
ganglia appear to be almost: direc% : attached t^ the supraesophageal 
ganglia. The ventral nerve ^trunk:'.;coh^^^S: of seven ganglia, _ two in the 
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thorax and five in the abdomen. The second thoracic ganglion is very 
clearly a compound ganglion, being made up of the ganglia of four seg- 
ments. It innervates both pairs of wings, the middle and third pairs of 
legs, the muscles of the mesothorax and metathorax, the propodeum, and 
the first segment of the abdomen. The first and second ganglia of the 
abdomen lie in the second and third segments, but they really belong in 
the third and fourth abdominal segments. The fifth, sixth, and seventh 
abdominal ganglia lie in the segments they innervate and belong to 
them. The seventh ganglion is composed of four ganglia and belongs to 
and innervates segments 7, 8, 9, and 10. 

In the bee it is found again that the ganglion of each segment controls 
directly the activity of the segment. The head of the animal may be 
removed without destroying locomotor movements, though such move- 



Fig. 150. — Vertical cross section of the brain of worker bee. Dark parts represent 
fibrillar masses; outer light parts, cellular tissue: a, fringe of subretinal nerve ends, /mi, 
fmz, fmsi outer, middle, and inner fibrillar masses of optic lobe; MrB, mushroom body; 
OpLf optic lobe; Oe, esophagus; PrL, protocerebral lobe. (From Snodgrass^ Anatomy and 
Physiology of the Honeyhee^^^ after Jonescu.) 

ments may be rendered very awkward and uncertain. There is an 
indication here of the importance of the head ganglia as coordinating 
structures. 

The great development of the head ganglia is associated with an 
enormous development of the head-receptor system. The simple eyes, 
compound eyes, antennae with their eight varieties of sense organs, such 
as sensory hairs and sensory plates, Johnston’s organ, etc., giving informa- 
tion as to touch, taste, smell, etc., bring to the head ganglia a flood of 
afferent impulses which it is the business of these ganglia to interpret 
and mediate. It is doubtless true also that very many sensory impulses 
from other regions of the body are relayed up through the ventral cord 
and connectives to the cerebral ganglia. In the brains of bees there are 
developed very prominent structures known as mushroom bodies^ which 
seem to have been accepted by zoologists as centers of general brain activ- 
ities, especially those which have been termed mental activities, or per- 
haps better referred to as instinctive activities, and those activities which 
involve memory. Great masses of both sensory and motor fibers center 
in these mushroom bodies, johescu claims that the mushroom bodies 
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must be the place in the central nervous system where the various sense 
impressions are recorded, where actions are coordinated, and where 
associations are established and retained, hi which interpretation they 
may be considered as organs of intelligence. No such organs are found 
in the other forms whose nervous systems have been considered here. 

Fuiictions of Parts of Insect Nervous System, — Many authors main- 
tain that in the insect brain (supraesophageal ganglion) there is a close 
correlation between the relative size of the pedunculate or mushroom 
bodies and the degree of the development of the mnemonic capabilities 
of the insect. To test this, Brun made a diagram to scale of that frontal 
section of a series in which the mushroom bodies are largest and likewise 
for the section in which the protocerebral lobes, optic, and olfactory 
lobes are most fully developed. The area of the mushroom bodies in 
the section was then computed and compared with the total brain area 
and also with the area of each of the parts^ — olfactory lobes, optic lobes, 
and lobus protocerebralis (Hirnstamm of Forel). Though the volume 
ratio is not expressed by these figures, the area ratios give strikingly 
reliable indexes in comparing insects of even the most diverse groups, or 
of the workers and the two sexes among social insects. Brun considers 
the ganglion cell layer, which is ventrad of the mushroom bodies and 
known as the nucleus inter eerebralis, as the analogue of the layer of pyram- 
idal cells in the cerebrum of mammals. Some, if not all, of the efferent 
neurites which proceed from the posterior root of the peduncle of the mush- 
room body reach the bridge (pons viallanes), where they may be in 
association with the dendrites of the intercerebral giant cells. The 
so-called ocellar glomeruli mentioned by other authors have nothing to 
do with the ocellar nerves but are the occipital prolongations of the 
posterior roots of the mushroom bodies. Brun was able to check some 
of his conclusions by observations on an ant {Formica pratensis) afflicted 
with a tumor involving the left mushroom body together with the nucleus 
intercerebralis. The insect exhibited strong antisocial characteristics 
and constantly moved clockwise in a circular path, A study of the 
brain showed that the degeneration due to the tumor extended from the 
left dorsal glomerulus into the right section of the bridge (pons viallanes), 
thus indicating a chiasma. 

The most important neiwe centers of the phantom larvae of Corethra 
and Cloeon are in the brain; these centers inhibit and release the ganglia 
of the thorax and abdomen, thus giving the impulse for locomotion and 
for all specialized activities. Severing the nerve cords destroys all 
coordinated action in the separated parts. Each of the eight abdominal 
ganglia contains a motor center which can produce only convulsive move- 
ments of the part of the body pertaining to it. The third abdominal 
ganglion is a principal wagging center and the fourth a center accessory 
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to it. The two respond in this manner only to weak sensory stimuli on 
the posterior part of the body; with strong stimulation, the first produces 
a curling of the abdomen. The first abdominal ganglion inhibits the 
third and fourth and allows the third, when weakly stimulated, to produce 
a cur^dng of the abdomen and a bending of the body at the thoracicoab- 
dominal union. In the larva of Cloeon the legs make walking movements 
only vrhen in connection with the two head ganglia; if the connection is 
cut, the legs make only a grasping reflex. Besides this, the second and 
third legs make a wiping reflex in response to touch on the gills or on the 
abdominal terga. Swimming movements and movements of the tail 
fans are induced if several ganglia remain functional, showing that these 
reactions are not centralized in a single ganglion. Respiratory move- 
ments of the gills are produced by the third thoracic and first six abdomi- 
nal ganglia. Each abdominal ganglion gives only a weak activity to its 
corresponding pair of gills; the normal gill movements are produced by 
the inhibitory center of the second thoracic ganglion, acting in conjunc- 
tion with the excitatory center in the sixth abdominal ganglion. 

In the larvae of the dragonflies Anax junius and Aeschna umhrosa 
the abdominal ganglia control respiratory movements and abdominal 
movements generally, but the destruction of the first or second ganglia 
does not permanently interfere with respiration. The seventh or termi- 
nal abdominal ganglion has the chief control of respiratory movements. 
It also is the seat of the reflex involving the movements of the cloacal 
spines and probably of the cloacal valve. Each thoracic ganglion con- 
trols the actions of the legs attached to its segment. It also has to do 
with equilibrium. The subesophageal ganglion is essential to the reflexes 
of the mouth parts. The ganglion itself receives no direct stimuli except- 
ing possibly those that come through the mouth parts themselves. Its 
responses are initiated by stimuli which come through the brain or from 
other parts of the nervous system. The brain is the sensory, directive, 
and associative center. Without it, responses to visual stimuli cannot 
take place, and all coordinated spontaneous movements are inhibited. 
It serves in some way as an organ of balance and orientation. The 
mouth parts cannot act selectively without the brain. In short, the real 
brain of the insect consists of both the sub- and the supraesophageal 
ganglia. The former is the motor, the latter the sensory mechanism. 

B. ENDOCRINE GLANDS AND THEIR WORR 

There has been for some years a growing conviction on the part of 
biologists in general and medical men in particular that some of the 
apparently unimportant glandular structures of the animal body are of 
immense importance so far as the development, growth, and proper 
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functioning of the animal body are concerned, and the suggestion now 
comes to mind that perhaps even more than body form is to be accounted 
for through the consideration of the effects of the secretions of these 
glands of internal secretion. 

By glands of internal secretion are meant such structures in the ammal 
body as evidently produce some substance which is of use in the work of 
the organism, but which is not carried off from the gland through any 
well-recognized tube or duct. Whatever secretion is formed is passed 
from the cells of the gland directly into the blood stream as the fluid 
circulates among the rather loosely aggregated cells. 

Up to the present time it is not known how many structures in the 
body may be organs of secretion. Among those which are definitely 
known to be such are the thyroid glands, the parathyroids, the thymus, 
the pituitary, the pineal, the ovary, the testes, the placenta, the adrenal, 
and the pancreas. The mucosa of the stomach and the small intes- 
tine, possibly the mucosa of the vermiform appendix, along with muscle, 
are to be included in the list of structures producing chemical substances 
capable of regulating some of the biochemical processes of the living 
organism. It is, of course, in such a place as this, impossible to review 
all the evidence as to the nature of these structures. While the presence 
in the higher organisms of gland-like organs without proper ducts has 
been known for thousands of years, it was not until the eighteenth cen- 
tury that Theophile De Bordeu, a physician of Paris, made the first 
suggestion indicative of a budding understanding of the real function of 
some of these organs. Many of the earlier investigators in zoology failed 
to find that the glands of internal secretion were of any importance. 
Johannes Muller stated: “The ductless glands are alike in one particular — 
they either produce a change in the blood which circulates through them, 
or the lymph which they elaborate plays a special role in the formation of 
blood or chyle/’ Henle wrote: “They have no influence on animal life: 
they may be extirpated or they degenerate without sensation or motion 
suffering in the least.” A few years later (1849), A. A. Berthold of 
Gottingen began an experimental study of the effects of the operative 
removal from fowls of the testes with a view to determining whether 
there is such a thing as an internal secretion as distinct from the external 
secretion of the gland. The experiments were well conceived and wholly 
successful in that they showed that a gland might at the same time func- 
tion as a gland of external and of internal secretion and that these two 
functions are independent of each other and presumably produced by 
different cells in the organ. 

Within a few years after Berthold’s work three other investigators, 
Claude Bernard, Addison, and Brown-Sequard, did experimental work 
which has had an important place in the development of our ideas of 
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internal secretion. Claude Bernard’s contribution had to do with an 
explanation of the disease diabetes. He made determinations of the 
amount of sugar present in the blood in different regions of the body. 
His findings were that, in general, the arteries contained a higher percent- 
age of sugar than the veins and further that sugar was added to the blood 
during its circulation through the liver. He then found in the liver a 
store of glycogen, an animal starch, which evidently served as the source 
of supply of the increased sugar in the blood. All this pointed directly 
to the idea that a given gland may have more than one function. Bernard 
seized upon this fact to emphasize the notion of internal secretions and 
their importance to the organism. It is not now customary to think of 
glycogen as an internal secretion but rather as a storage supply. The 
work which he did was an undoubted stimulus to the investigation of 
those glands which have come to be regarded as the laboratories in which 
are formed numerous substances acting as starters or inhibitors of various 
physiological processes. 

Almost coincident with the work of Claude Bernard was that of 
Thomas Addison (1855-1856), who published a monograph upon the con- 
stitutional and local effects of the suprarenal bodies. The condition then 
described, tuberculosis of the adrenal bodies, has come to be commonly 
known as Addison^s disease. Addison described the effects of the disease 
and ascribed those effects to the lack in the body of something normally 
produced by the adrenal glands. He did not, however, go on to an 
experimental test of his theories. This was reserved for Brown-Sequard. 

Brown-Sequard, the son of an American sea captain, removed one or 
both adrenal glands in several species of animals and found that, when the 
glands were wholly removed, there resulted a period of great weakness 
followed shortly by death. It was also found possible to prevent death 
for a long time if blood from a normal individual were transfused into the 
operated animal. 

Nature of Endocrine Secretions. — Chemical substances which are 
introduced into the body are, in general, of one of two classes: toxins or 
drugs. The effect of toxins upon the living organism when they are in 
one way or another introduced into the living tissues is shown by certain 
characteristic reactions, which are specific for one or another of the 
tissues of the body. They also tend, when introduced into the body, to 
give rise to the formation of certain substances known as antitoxins^ the 
general effect of which is to neutralize the effect of the toxic substance. 
Another class of chemical substances, when introduced into the living 
organism, also gives rise to more or less specific reactions on the part of 
the different specialized tissues. These substances differ from the toxins 
in that they do not give rise tq the formation of antibodies. Such sub- 
stances are the drugs. 
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It has in recent years come to be recognized that each organism has 
for itself the pov^er to produce in its tissues certain powerful substances 
which, taken into the blood and circulated freely through the organism, 
have the power of rousing to action or to modify the action of some 
particular organ or organs. These are the hormones. 

These bodies have, in common, certain properties by which they may 
be recognized: 

1. They are not rendered inactive by boiling; in this respect they differ 
from the enzymes. It was for a time thought that some of these sub- 
stances might be enzymatic in nature. This appears for the most 
part now to have been given up. They are much simpler chemical bodies 
than the enzymes. 

2. They are dialyzable. This indicates beyond any serious question 
that they are of relatively simple chemical constitution. At any rate, 
their molecules are small enough so that they are able readily to pass 
through the membranes of the cells of the body — a thing which molecules 
as large as enzymes are not able readily to do. 

3. Two at least of these substances have already been synthesized in 
the laboratory. Adrenalin has the chemical formula C 6 H 3 (OH) 2 .CHOH. 
CH2.NH.CH3. Thyroxine has the formula C15H11O4NI4 and has been 
synthesized by twm different methods. The chemical composition of 
some others is known, and there appears little reason to doubt that others 
will be isolated, their molecular composition determined, and their 
synthesis effected. 

4. Many of these substances are almost instantaneous in their action. 
In this they act in a way similar to many of the drugs. Such rapid action 
could hardly be imagined to follow upon the appearance in the blood or 
lymph of substances of very high molecular weight, and consequent low 
diffusion rate. 

5. Some of these substances act in the body very slowly. Or perhaps 
it may better be stated that they act in very low concentration over very 
extended periods of time. These are the substances which exert their 
influences upon the growth and nutrition of the body. 

6. None of these substances causes the formation within the body 
of antibodies when introduced from a foreign source. 

7. The action of the hormones is similar in all animals. 

It has become common to speak of the messenger bodies as being of 
two distinct classes in so far as their effects upon physiological processes 
are concerned; those which are excitant are termed hormones^ and those 
which have a depressant or inhibitive action are termed chalones, 

. The Role of the Endocrines. — ^The problem before the physiologist, 
so far as the encodrine glands are concerned, is to make an analysis of 
the effects of the various glandular extracts upon the body, to decide as 
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to what is normal and what is abnormal, and to relate to the activities 
of the glands the different skeletal types, peculiarities of stature and 
growth, shape and size of hands, fingers and toes, facial contours, teeth, 
skin, hair, eyes, muscles, etc. The whole problem of sex, its cause, the 
development of secondary sex characters, the roles of the various glands 
in the phenomena of puberty, and the functioning of the sex glands and 
of the whole reproductive apparatus are all bound up in a consideration of 
the ductless glands and their secretions. 

The ductless glands and the significance of their secretions have chal- 
lenged the interest and resourcefulness of many investigators. The field 
of investigation is one in which the danger of inaccurately controlled 
experimentation is unusually great. The experimental findings have 
been in many cases somewhat spectacular. The problems under con- 
sideration involve the interactions of a considerable number of unknown 
quantities — ^more than the ordinary student is accustomed to deal with. 
Problems involving one or two or even three unknown variables may be 
handled by the experimenter with some hope that a satisfactory solution 
may be obtained. Experimentation upon the ductless glands of one of 
the higher animals involves an unknown number of variables, and there- 
fore calls for the most exacting and critical planning and procedure. 

A great variety of general methods of work has been developed by 
different investigators in their attempts to check their own and others’ 
mistakes and to eliminate all possible sources of error. Among the 
methods employed, in addition to the observations which have been 
made upon pathological cases, the following may be mentioned: (1) 
gradual extirpation of the gland; (2) feeding of glands, of extracts of 
glands, and more recently of their active principles, or of synthetic sub- 
stances supposed to have the same composition as the active principles 
of the glands; (3) injection of glandular extracts, either subcutaneously 
or intravenously; and (4) vividiffusion (Abel). The last consists of 
running blood from an artery into an apparatus and back into a vein (by 
natural flow) and allowing diffusion of blood hormones from the blood 
to the outside. Tests are then made for these hormones. 

The Thymus Gland. — The thymus gland is located in the upper chest 
cavity along the trachea and overlaps the greater blood vessels as they 
leave the heart. In the higher mammals the gland arises from the 
epithelium of the third pair of branchial pouches of the embryo. In 
some of the lower forms, e.gr., the fishes, it arises as a paired organ from 
the dorsal parts of aU five of the branchial clefts; in Lepidosiren, from 
all except the first; in the urodeles, from the third, fourth, and fifth; 
and in the Anura, from the second only. In all the fishes it is located 
dorsal to the gill arches on each side; in the amphibians it is close to 
the articulation of the mandible; in the reptiles it is found close to the 
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carotid artery, but in young crocodiles and in birds it extends along the 
neck, lying close to the side of the esophagus. 

: The thymus is composed' of .two portions, the cortex and the medulla 
arranged in a lobular manner. The cortex is composed of lymphoid 
tissue and is very similar to a lymphatic gland in appearance. The 
medullary portion of the gland contains less of the lymphoid tissue, and 
is characterized by the presence of nests of epithelial cells, termed the 
concentric corpuscles of Hassall. The gland is found in all the vertebrates 
from Petromyzon up. So far as is known, no similar gland has been 
described as occurring in any of the invertebrates. 

The period of activity of the gland is during very early life. In the 
human, the gland is functional at birth, increases in size somewhat dur- 
ing the first twelve years, and then normally begins its decline, which 
ordinarily becomes more rapid and is completed at about eighteen or 
twenty years of age. In individuals in whom the gland persists in an 
active condition beyond the normal time of puberty, there is a lengthened 
childhood. 

Whether the gland should be considered one of the glands of internal 
secretion has been a matter of doubt in the minds of a good many investi- 
gators. No one has yet succeeded in isolating any substance which could 
be considered as the secretion of the gland. So, while absolute proof is 
lacking, there is considerable good evidence that the gland is one of the 
internally secreting glands. 

The general action of the gland appears to be as an inhibitor of the 
other glands of secretion. It has the effect of keeping children childish, 
and in some cases of making children out of grownups. While present 
actively in the body, it retards differentiation. Thymus glands fed to 
growing animals seem to promote growth. 

When the gland is too active, the individual presents the condition 
known as the status lymphaticus. This condition is found in children and 
in some adults and is characterized by the enlargement of the lymphoid 
structures throughout the body, and more particularly by the enlarge- 
ment of the thymus gland. The condition is often a serious one because 
its existence may not be recognized until after some slight injury, shock, 
exertion, or the administration of an anesthetic have brought on fatal 
results. 

An examination of the gland will in some cases give evidence as to 
the previous condition of nutrition of the body. A period of underfeeding 
for as short a time as 4 weeks will reduce the gland to one-thirtieth its 
normal size, or treatment by means of X rays may be of real benefit. 

Thyroid Gland. — ^The thyroid gland is a deep-red glandular mass 
consisting of two lobes lying on^ on either side of the trachea and the 
lower portion of the larynx. The two lobes are frequently connected by 
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an isthmus. The essential portion of the gland is composed of numerous 
closed tubular alveoli or vesicles, lined with a layer of columnar epithelial 
cells which are not supported upon a basement membrane. These 
vesicles contain a colloid or jelly-like material. They are supported by 
fibrous septae which grow inward from the gland capsule. The gland 
contains also many lymphatic vessels which have been shown to contain 
the same colloid material as the vesicles. There is also an abundant 
vascular supply. ■ 

The gland has its origin from the endoderm of the pharyngeal floor 
between the first and second branchial pouches and is found in all 
the vertebrates. The first appearance of the gland appears to be in the 
endostyle of the tunicates. The thyroid is in part, at least, under nervous 
control, being supplied with fibers from the sympathetic nerve. 

The thyroid gland is effective during life and furnishes for the organism 
a definite substance, thyroxine, of the formula C15H11O4NI4 and with a 
molecule very similar to that of tryptophane. The substance occurs 
only in small amounts in the gland, but minimal quantities appear abso- 
lutely essential to the well-being of the individual. Some idea of the 
small amount found in a fresh gland may be derived from the fact that 
from tons of fresh thyroid glands only 36 g. of crystalline thyroxine 
were obtained. 

The general effect of the gland is to control the rate of energy trans- 
formations in the body. One milligram of the thyroxine fed to a person of 
160 pounds weight suffices to increase the rate of metabolism 2 per cent 
for 1 day, and as the secretion of the gland controls the metabolic rate, 
it will appear that it must also be concerned with the differentiation 
of tissues and the regulation of the shape and finish of organs. It seems 
the business of the gland to maintain in the blood a certain definite though 
small concentration of an iodine compound. In doing so it may, as has 
been suggested, maintain in the blood for the use of the body the iodine 
content of the sea and may thus have made possible the evolution of the 
land animal. 

Iodine Distribution and Thyroid Activity. — There appears to be a 
relationship between the distribution of iodine in the soil and the activity 
of the thyroid gland. The modern theory that simple goiter is due to 
deficiency of iodine is a revival of a theory first proposed in 1820, and 
recent experiments in the prevention and cure of simple goiter by iodine 
administration have paralleled similar efforts made between 1820 and 
1850, Iodine occurs in all geological formations so far examined, the 
lowest concentrations being in Cretaceous deposits and the highest in 
the Jurassic. The iodine content of Mis varies with the iodine content 
of the formations from the weathering of which the soils arise. It varies 
with the amount of organic matted present, with the reaction of the soil 
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(acid soils being relatively high in iodine), and inversely with the amount 
of leaching. Hence, alkaline and porous soils tend to be low in iodine. 
Certain fertilisers such as guano, seaweed, some superphosphates, and 
Chile saltpeter contribute iodine in appreciable amounts. Iodine occurs 
in drinking waters in small amounts, between 0.01 and 12-/ per liter (one 
gamma, termed microgram, is one millionth of a gram). In goitrous 
regions the iodine content of drinking water is very low, less than 1 part 
per 1,000,000,000. In nongoitrous regions the iodine content of drinking 
water is very variable and may vary inversely with rainfall. The 
amounts of iodine in the land plants show wide and unexplainable ranges 
of variation. 

The total amount of iodine in the thyroid gland varies with the 
iodine intake and with age, reaching a maximum in the adult. The 
iodine level in the blood and other tissues is approximately the same. In 
blood, estimates for normal persons vary between 5 and 16 t per 100 cc. 
In exophthalmic goiter higher values are found, and in myxedema the 
level is below normal. The iodine in milk reflects even small changes 
in the iodine intake. Cow^s milk varies in iodine content from a trace to 
7 t per 100 cc. 

The more interesting physiological observations are as follows: 
The effect of iodine is comparable with that of thyroid in relation to 
growth, amphibian metamorphosis, nitrogen metabolism, basal metabolic 
rate, and carbohydrate metabolism. In both cases the effects depend 
on dosage. With nontoxic doses the effects on growth and nitrogen 
metabolism are similar, but on basal metabolic rate and carbohydrate 
metabolism the action of iodine appears to be opposite to that of thyroid. 
Iodine increases the assimilation of phosphorus in growing pigs. It 
increases the amplitude of contraction of excised rabbit intestine in 
Tyrode's solution and may affect the pH of blood and its rate of coagula- 
tion. Information is inadequate to assess the iodine requirements of 
animals and human beings accurately, but minimum requirements for 
, animals are put at between 1 and 6 parts of iodine per 1,000,000,000 parts 
of food. Metabolism experiments indicate that a man can maintain 
iodine equilibrium on an intake of about per day, but that a child 
cannot maintain equilibrium on 38r. The minimum requirement for 
equilibrium in a child is placed at SOy, and by analogy with other inor- 
ganic elements, it is suggested that ISOy per day should be allowed. 
The exact amount of iodine necessary to prevent goiter is not known, but 
an adult can get along with 10 mg. of iodine without showing symptoms of 
goiter. In the more goitrous regions of America more than 60 per cent 
of the girls at the age of puberty may show enlarged thyroids. 

Roles of the Thyroid Gland and Us Searetion^ Thyroxine , — In addition 
to the general work of regulating the rate of metabolism of the body 
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tliere are other functions in which the secretion appears of importance. 
The gland appears to have a part in the neutralization of bacterial and 
other poisons in the body and has a direct bearing upon the condition 
of the inner and outer coverings of the body, the skin, mucous membranes, 
etc,; upon the irritability and preparedness for response by nerves; and 
upon regulation of the water content of the body. 

Interest in the th3rroid gland and its role in the organism was very 
much stimulated by the investigations of Gudernatsch. This author 
found, and his work has been confirmed in its essential features by many 
other observers, that the metamorphosis of frog tadpoles and of sala- 
mander larvae into the adult forms takes place at a date much earlier than 
usual if they are fed upon a diet which contains thyroid gland. The 
tadpoles become highly differentiated within a very short time. They 
develop legs and absorb their tails while they are still very young and 
very small, and they fail, as a rule, to develop to normal size. 

Sklower has pointed out that in the early development of brook trout 
Trutta fario the following periods of growth are observed: 

1. Period of extension (within the egg membrane). 

2. Indifferent stage (from hatching to the beginning of active con- 
sumption of food). 

3. Filling period (from the beginning of active taking of food to the 
setting out of the brood in the pool). 

In these periods growth is affected by thyroid and thymus substance. 
It appears that in the extension period the thyroid is more active than 
the thymus; in the filling-out period, on the other hand, the thymus is 
more active than the thyroid. In the indifferent stage no real activity 
of either organ can be demonstrated. 

Thyroxine exerts a marked effect on the gas exchange of the rat. 
On a constant diet, rats accustomed to the experimental procedure 
produce 15 to 25 cc. carbon dioxide and use 25 to 35 cc. oxygen per kg. 
per minute. A synthetic thyroxine, when injected subcutaneously in 
water solution in amounts varying from 0.006 to 7 mg. per kilogram, 
caused an increased gas exchange — ^the increase varying from 6 to 17 cc. 
per kilogram per minute. After doses of 0.4 to 0.6 mg. per kilogram 
the metabolism in the first 4 hours increased and then returned to normal; 
from 4 to 12 hours after injection there was a definite swing below normal; 
from 17 to 19 hours after injection a large rise of short duration occurred. 
An effect is produced for 8 days after a single injection, the maximum rise 
in gas exchange occurring between the fifth and eighth days. 

Following the removal of the thyroid glands in young dogs, the 
normal growth impulse is diminished, with a resultant dwarfing of the 
entire body. Diminution of grovrth is not suffered equally by all parts 
or to the same degree m all dimensions of a single part. Growth of 
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the body as a whole (body weight) is affected more than growth of the 
skeletal system, growth in body length, ■ or growth in , height. The 
diminution of growth in length of the long bones is less than that for 
growth in weight or volume, weight being affected more than volume. 
The absolute diameters of the diaphyses of these bones are little or not at 
all diminished. A similar disproportion of growth is found in the skulls, 
mandibles, scapulae, single vertebrae, total length of the vertebral 
column, processes of the vertebrae, and coxal bones. Owing to the 
shortening of the skull base, growth in the length of the vault is also 
diminished. Growth of bone from cartilage is greatly diminished; 
subperiosteal and membrane bone growth seems to be unaffected or 
may even be increased. In cretins, diminution of growth in body 
weight (68.9 per cent of the normal) and the increments of bone weight 
(69.2 per cent of the normal) compare favorably with the observed level 
of ^'tissue metabolism^^ (68.1 per cent of the normal). 

The response of half-grown tadpoles of the anuran Rana temporaria to 
th3rroid suspension is conditioned by temperature (J, Huxley). Below 
5°C. the tadpoles develop to a stage intermediate between larva and 
adult and remain permanently at that stage even when removed to room 
temperature. This arrested development had been found by Jensen in 
axolotls. Huxley interprets this as indicating that either (1) ^Hreatment 
with thyroid ab extra causes a marked compensatory reduction in the 
animaFs own thyroid,’^ or (2) some of the effect of the thyroid dose, 
which causes rapid metamorphosis at high temperatures, is here used up 
in counteracting the effect of low temperatures instead of producing 
metamorphosis.’^ He concludes that the thyroid functions as a primitive 
temperature regulator, or rather a temperature buffer, in cold-blooded 
as well as in homothermic animals. 

That synthetic thyroxine may be substituted for the normal gland 
product has been shown by various investigators. Hans Bauer has 
found that in normal people 3 to 4 mg. thyroxine daily for weeks pro- 
duced toxic symptoms, while 1 to 2 mg. given daily for a limited time 
increased the basal metabolic rate 140 per cent without toxic effects. 
Water elimination was markedly increased. The same dose given to 
individuals with a basal metabolic rate of 130 to 170 per cent above the 
normal standard effected an increase of from 10 to 37 per cent of initial 
value. Some cases seem to indicate that hyperthyroid individuals are 
not hypersensitive to thyroxine. Individual cases even showed a drop 
in basal metabolic rate. A case of genuine hyperthyreosis and one due to 
iodine reacted the same to thyroxine. 

Similarly, various preparations of thyroxine and acetylthyroxine 
have been found to influence directly the metamorphosis of the axolotl. 
Different preparations are not equally effective: For example, a dose of 
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0.1 mg. of thyroxine is toxic and kills axolotls in 5 to 6 days ; a like amount 
of its acetyl derivative is nontoxic and produces metamorphosis in 38 
days. 

Fresh beef thyroid, given orally; stimulates complete metamorphosis 
in very young axolotls, from 1 month upward in age. In adult axolotls, 
over 2 years old, metamorphosis is obtained with a minimum dose of 0.2 
to 0.1 mg. of fresh beef th3rroid given in a. single dose; with 0.2 to 0.3 mg. 
of guinea pig thyroid; with 0.1 to 0.8 mg. of chick or turkey thyroid. 
Axolotl metamorphosis is also obtained by administering spleen and liver 
of iodized lambs; the substance is desiccated and reduced to powder, 
which is then made into a paste with small bits of beef or horse meat. 
Lastly, metamorphosis of axolotls and of Rana tadpoles is obtained by 
oral administration, either in fresh or dry state, of blood, liver, and kidney 
of hyperthyroidized chicks (these fed with fresh beef thyroid) ; by liver 
and kidney of hyperthyroidized guinea pig; and with the dry residue of 
bile or urine as well as the feces of strongly thyroidized chicks and guinea 
pigs. 

Without thyroid, no thought, no growth, no distinctive humanity or animality 
is possible. . . . Without thyroid there can be no complexity of thought, no 
learning, no education, no habit formation, no responsive energy for situations, 
as well as no physical unfolding of faculty and function, and no reproduction of 
kind, with no sign of adolescence at the expected age and no exhibition of sex 
tendencies thereafter. (Berman.) 

The Adrenal Glands. — ^The adrenal glands are structures whidlx are 
closely associated with the kidneys. Each is composed of two portions: 
a cortical portion which has its origin in the embryo from cells closely 
allied with germinal tissue and a medullary portion which has its origin 
from certain neuroblasts of the sympathetic nervous system. Minot 
says that these original medullary cells are later replaced by cells which 
grow into the medullary portion from the cortical layers. 

Adrenal glands are to be found in nearly all of the vertebrates, though 
they are not found as distinct structures, at any rate in the amphibians 
and Dipnoi. The presence of distinct adrenals is disputed in the Cyclo- 
stomata. In the elasmobranchs and the Holocephali there appears a 
separation between the medullary and cortical portions, the medullary 
portion being represented by a series of organs located in close association 
with the intercostal arteries, while the cortical portions may be either 
single or paired and, being placed between the kidneys, are spoken of as 
interrenals. Among the amphibia, the glands are partially embedded 
in the substance of the kidney. In the reptiles and birds they lie rather 
close to the testes or ovary, while in the lower mammals they are not so 
closely connected with the kidneys as they are in man. 
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Among the invertebrates the substance of the adrenal glands appears 
to be represented by cells of the nervous system which present the typical 
chemical reactions of adrenal medullary cells to reagents contaiiiing 
chromic acid. Such cells are found among the annelids. Cells giving 
similar reactions are also found in the mantles of certain of the gastropods. 
Evidence, therefore, is not lacking that the presence of cells able to pro- 
duce adrenal secretion occurs very generally in the animal Idiigdom. The 
period of activity of these glands appears to be during the wdiole of life. 
As will appear later in the discussion, it is probably true that these 
glands do not operate at a constant rate but that they store up secretion 
against a time of stress. 

For a long time after it was discovered that the adrenal glands play 
some important role in the life of every indhddual, it was apparently 
thought that the importance of the gland was due to some contribution 
made by the gland as a whole. A careful study of adrenal glands in a 
series of animals reveals the fact that while in the adult human being 
the medullary and cortical portions of the gland are very intimately 
related to each other, in some of the lower forms this relationship is 
much less definite and intimate. 

Adrenalin . — The substance produced by the medullary portion of 
the gland is commonly known as adrenalin or epinephrin. It has the 
chemical composition C6H3(OH)2CHOHCH2NHCH3. This is one of 
the few hormones which have, up to date, been isolated in pure form. 
It has also been s5mthesized in the laboratory. It is normally present 
in the blood in about the ratio of 1 : 20 , 000 , 000 , and produces in the body 
the same effects as does the stimulation of the sympathetic nerves. For 
a long time it was not recognized that the cortex of the gland produces 
any internal secretion. Some of the effects attributed to variations in 
the normal amount of adrenalin are now believed to be due to variations 
in the activity of the cortex of the gland and, therefore, to varying 
amounts of the internal secretion, cortin, produced by the cortex and 
given to the blood stream. We now know that an animal may survive 
without any adrenal medulla, but complete destruction of the cortex is 
inevitably fatal. 

On exposure to the air the colorless adrenalin turns pinkish, then 
brown, and finally black, and in this black condition appears to be equiva- 
lent to the black melanin pigment found in many old ceUs. Some of the 
effects resulting from the administration of adrenalin and which parallel 
those coming from the stimulation of the sympathetic nervous system 
are: dilation of the pupils of the eye through paralysis of the contracting 
ring muscle; a paling of the skin through stimulation of the circular muscle 
fibers of the arterioles; erection of the hair; a paralysis of the circular 
muscles of the bronchial tubes resulting in a widening of the air passages; 
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acceleration of the heart and a rise of blood pressure; a paralysis of the 
motor fibers of the stomach and intestine^ possibly due to the shutting 
off of the oxygen supply through the contraction of the arterioles in the 
wall of the digestive tube; a dilation of the blood vessels in voluntary 
■ muscleSj thereby ' insuring increased oxygen supply .for these muscles 
during a period of stress; the mobilization of sugar in the blood from liver 
glycogen; and increased activity of the sweat glands. 

As an illustration may be mentioned the effect of adrenalin in the cat 
as noted by Cannon. Under quiet conditions adrenalin plays no impor- 
tant part in the activities of the cat. Under stress, pain, fear, or anger 
there is a demand for activity of large muscle groups. More oxygen is 
needed, the heart action augments and accelerates, glycogen is broken 
down in the liver and additional sugar thrown into the blood, mus- 
cular fatigue is either postponed or overcome. The picture is incom- 
plete without reference to the erection of the hair on the back and 
on the tail, the flattening of the ears, and the snarling expression of 
the face. 

Cortin . — It has recently been demonstrated that the cortex of the 
adrenal gland produces a substance now termed cortin, which plays very 
important roles in the physiology of the animal. Extracts of the cortical 
portion of the gland containing cortin are able apparently fully to com- 
pensate for the loss of cortical tissue. The administration of cortin in 
small, frequent doses has been found to be more effective than when the 
same amount of cortin is given in one large dose. Smaller animals 
require relatively more cortin than larger animals, c.g., the rat requires 
forty times, the cat four times as much as the human per unit of weight. 
The need for cortin increases with exercise, exposure to cold, pregnancy, 
wounds, and infections. Apparently overdosage with cortin is not 
harmful. In the case of those afflicted with Addison’s disease, it restores 
the ability to sleep and in addition overcomes fatigue and lethargy in 
both normal and pathological animals. It serves to improve appetite 
and assists in the adaptation to heat and cold. In the case of animals 
which suffer from a low basal metabolic rate because of the loss of the 
adrenal gland, it raises the metabolic rate toward normality. It also 
aids in growth and in the healing of wounds. Pathologically over- 
active adrenal cortex leads to the appearance of excessive maleness. 
Cortin plays an important role in regulating the carbohydrate metabolism 
of the animal body and serves to maintain a normal circulating volume 
; , of fluid within the vascular system,. 

Lack of cortin results in the transudation of plasma through capillary 
walls, loss of blood volume, a drop of blood pressure to a fatal level, 

; increased concentration and increased viscosity of blood with attendant 
slowingof circulation, a heart rate qtuekened in an attempt to compensate 
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for the diminished return of venous blood to the heart, and blood urea 
and protein nitrogen increase as the pressure diminishes because of lowered 
kidney filtration. All of these conditions following adrenal insufficiency 
may be relieved by the administration of cortin. 

One author (Kahn) contends that as the adrenalin acts in the same 
sign as does the sympathetic nervous system, the cortex acts through its 
secretion, which he claims to be choline, in the same way as does the 
parasympathetic nervous system. 

It may be stated that the adrenal gland is a gland of masculinity and 
an emergency structure acting as a gland of combat and fight. The 
most evident function of the secretions of the gland is in relation to blood 
pressure. A certain amount of the adrenal secretion, is necessary in 
the blood to maintain the tone of the smooth muscle fibers of the arterioles. 
As it controls blood pressure, it controls in a measure the distribution 
of blood throughout the body; an increase in the amount or concentration 
of adrenalin in the blood tends to send the blood from the viscera, where 
it is likely to stagnate during periods of lowered pressure, out to the 
muscles and brain where there may be special need for additional blood 
supplies. At the same time there will be thrown into the blood a greater 
number of red corpuscles, the heart rate will be accelerated, and the 
body temperature gradually will be raised. An excess of adrenal secre- 
tions in the blood leads to a high blood pressure, which may be so high or 
continued for so long a time as to become dangerous. Associated with 
the increase of the blood flow to the brain and muscles under the action 
of this substance, there is an increased capacity for work. Failure of the 
gland to operate in a normal way leads to muscular fatigue, sensitiveness 
to cold, cold hands and feet, mental indecision (cold feet?), shock, col- 
lapse, and heart failure. Beard's neurasthenia has been accounted for as 
due to the failure of this gland. 


Adrenalin in Annelids. — J, F. Gaskeil calls attention to the intimate 
relation existing between the sympathetic nervous system and the adre- 
nalin-secreting cells of the medulla of the adrenal gland. The cells 
whose business it is to secrete adrenalin may always be recognized by 
their chrome-staining reactions. In the higher mammals the cells secret- 
ing adrenalin are concentrated in the adrenal glands, while in the lower 
vertebrates adrenaHn-secreting cells are to be found widely distributed, 
especially in all the sympathetic ganglia, and as (in the lower vertebrates) 
the sympathetic nervous system becomes less and less well defined, there 
is a more diffuse distribution of chrome-staining cells, sometimes seg- 
mentaJly arranged, throughout the animal body. 

The so-called chromaffin cells have been very generally acknowledged 
by histologists to be the cells among the vertebrates wffiicli secrete 
adrenalin. Various investigators have attempted to find among the 
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invertebrates cells of similar staining reactions/ which may therefore 
be assumed to be adrenalin-secreting cells. Poll and Sommer found such 
cells in the leech Hirudo. Similar cells have been found also among the 
mollusks. Gaskell examined 17 different polychaete annelids and found 
chromaffin cells in two only, Aphrodite culeata and Eunice gigantea. The 
earthworm Lumbricus herculeus also possesses them. Gaskell finds that 
the chromaffin cells are large ganglion cells, known in some forms as the 
giant cells. He raises question as to whether they innervate some special 
structures which are susceptible to the action of adrenalin. In answer 
to this query he finds that the chromaffin cells are found only in those 
forms in which there is developed a definite vascular system with muscu- 
lar walls. The forms among the worms which possess chromaffin cells 
also possess definite muscular-vascular systems. 

Pituitary Gland. — The pituitary body is a small glandular structure 
located at the base of the brain, back of the root of the nose. Its size 
normally is about that of a pea. The gland lies in a bony box, the sella- 
turcica, which often serves to confine it within such limited bounds as to 
interfere with its proper working. 

The gland has a double origin, the anterior portion of the gland arising 
in the embryo from an ingrowth of cells of the ectoderm of the mouth 
area and from almost the same area as the thyroid. The posterior portion 
of the gland arises as an evagination from the floor of the nervous system 
almost immediately above the mouth. In some forms the parts of the 
gland arising from these two sources become very intimately related to 
each other; in other forms a separation of the anterior from the posterior 
portion may be accomplished without great difficulty, after the gland is 
once uncovered. 

The pituitary is a gland which is to be found in all the vertebrates 
from Myxine to man. It is functional normally throughout life but is 
more active after the second year than before. 

Hormones of the Pituitary Gland . — ^From the pituitary gland there have 
been isolated several hormones. These diffuse into the cerebrospinal 
fluid and into the blood and so come to be generally distributed through- 
out the body. The following brief statement outlines the essential 

Pituitary Gland 

I. Anterior Lobe. 

Two types of cells: 

A, Chromophile: 

1. Acidophilic — ^secretion for growth: 

, . - Growth hormone (tethelin, antuitrin). 

2. Basophilic— secretions for sex stimulation: 
a. Prolan A — ^theeHn reaction, 
h. Prolan B — corpora lutea and progestin, 
c. Prolactin — ^hormone for milk secretion. 
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' B. Cliromophobe — ^function unknown. 

IL , Pars intermedia. 

Vesicles, somewhat like those of the thyroid gland, containing colloid 
secretion, which migrates through tissues of posterior lobe to be dis- 
charged by way of the infundibulum into the brain cavity. 

III. Posterior Lobe: 

A dense mass of supporting cells, with scanty circulation, some nerve 
fibers, and some cells which may be secretory. From the posterior lobe 
two and possibly four hormones are given ofi : 

a. Pitressin (vasopressin) — stimulant of smooth and cardiac muscle, 
raises blood pressure, assists intestinal motor functions, 
h. Pitocin (oxytocin)— stimulant of uterine muscle. 

c. Antidiuretic hormone. 

d, Melanophore stimulant. 

facts as to the origin of the principal hormones. It is possible that many 
more hormones originate in the pituitary, as many as 25 different sub- 
stances having been suggested by different authors. 

Functions of Pituitary Formones.— Acting along with the secretion 
of the th3rroid gland, these substances exert a profound influence over the 
growth and differentiation of the body. A large part of the effect of 
the anterior part of the gland is exerted upon the growth of bone and the 
connective tissues and muscle. An insufficiency of the secretion tethelin 
leads to dwarfism; muscular fatigue; plump, tapering, fleshy hands, feet, 
toes, and fingers; full moon face with receding chin; flat nose. An 
increased secretion of tethelin appears to be responsible for gigantism, 
acromegaly associated with headache, muscular weakness, loss of sex 
activity, atrophy of sex glands, and an increased activity of the thyroid. 
Oversecretion also leads to the development of large, bony hands and 
feet, a long narrow face with prominent bony parts, square jaws, empha- 
sized eyebrows, cheekbones buried under a thick layer of fat; high, thin 
nose; large irregular square teeth; middle incisors especially prominent 
and developed in proportion to pituitary predominance. Complete or 
almost complete removal of the pituitary in puppies results in growth 
retardation; the lag is evident in from 1 to 2J^ months after the operation. 
In severe cases the animals present an infantile appearance: short head; 
fine hair, short and soft; bone calcification is retarded or stopped; decidual 
teeth persist, second dentition appears late but without macro- or mic- 
roscopic lesions. Body temperature is frequently low. Basal metab- 
olism is diminished and atypical, sexual organs are underdeveloped. 
Atresia and sclerosis occur in ovaries. The thyroids are usually of 
normal size, but the epithelium is atrophied and foUicles are distended 
with colloid. Marked loss of weight and cachexia occur. There is no 
special sensitiveness to infection or disease. Repeated intraperitoneal 
injections of fresh pituitary (ox, dog, sheep) and grafting of the pituitary 
have no effect on these symptoms. 
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According to Philip E. Smith, ablation of the pituitaries of rats with- 
out rupture of the diaphragma or apparent brain injuries results in a 
constant syndrome, the chief features of which are: cessation of general 
body growth and a persistence of infantilism if the operation is done on 
immature or young animals and cachexia if done on old animals; atrophy 
of the th5rroid epithelium, adrenal cortex, and reproductive organs. 
Follicular growth stops, but the corpora persist for an unusual length of 
time. The liver, kidneys, and spleen decrease in size. The visceral 
response is thus opposite to that described in experimentally produced 
acromegaly and in clinical cases of acromegaly. Daily anterior-pituitary 
homeotransplants restore the hypophysectomized rats to a normal or 
nearly normal condition. Body growth is resumed and the th3rroids and 
adrenal cortex enlarge and become structurally normal. Spermato- 
genesis and fertile matings occur. Follicular growth is restored but leads 
to cyst formation, as in adult rats given pituitary transplantations. 
With cessation of treatment, the restored reproductive organs again 
atrophy. 

This gland is also the gland of intellectuality. It seems to be tonic 
for the frontal lobes and in its activities leads to curiosity and to accuracy 
in judgment. It sensitizes the cells of the brain for mental growth, and 
is associated with philosophic, scientific, and intellectual development. 
It appears necessary for the preservation of memories. A deficient 
anterior pituitary secretion seems associated with the moron condition. 

What is commonly spoken of as constructive imagination is very 
likely the expression of a certain balance in the activity of the two parts 
of the pituitary gland. 

The posterior portion of the gland through the action of its hormones, 
included under the general term pituitrin, controls the tone of the muscles 
of the blood vessels, bladder, and uterus; raises blood pressure; increases 
the flow of urine and of milk; and serves to regulate hibernation and 
probably sleep. Pressure or injury of this portion of the gland, resulting 
in diminished secretion or faulty secretion, leads to what is termed hypo- 
physial adiposity. This is a general deposition of fat in all parts of the 
body. 

In addition to these effects upon the body there are certain other 
more subtle effects to be noted. The secretion acts upon the basal ganglia 
that are the centers for emotional control and so has to do with the 
regulation of the social and creative instincts, tenderheartedness, sym- 
pathy, and a religious feeling. When acting in excess, it leads to pho- 
bias, fears, anxiety neuroses, suspicions, hallucinations, delusions, and 
nervousness. ' / 

Parathyroid Glands.— The parathyroids are four small glands closely 
associated with the thyroid. They are developed from the pharyngeal 
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epithelium of the third and fourth visceral pouches. In the adult, two 
of them and sometimes all four may be embedded in the substance of the 
thyroid. It is due to this that much of the earlier work upon the thyroid 
gland was so unsatisfactory. 

Histologically, the glands consist of solid masses of epithelioid cells 
and are supplied with a rich vascular network, with small masses of what 
appears to be thymic tissue in the peripheral layer. These glands are 
found in the amphibia and in all groups higher. They persist during the 
lifetime of the individual. 

The hormone parath 3 n:in has been isolated from these structures, and 
the effects of the removal of the glands from the body are so serious that 
it must be conceded that the glandular secretion is of the utmost impor- 
tance. Removal of all the parathyroids simultaneously or at intervals 
results fatally within a few days. The symptoms exhibited are of a 
nervous nature. Excitability is greatly increased. The threshold of 
stimulation is greatly lowered, so that there is an irritability from 500 to 
1000 per cent above the normal. All the reflexes are exalted. Fibrillar 
contractions are seen in the skeletal muscles of most animals; in man, 
tonic contractions occur. There are also cramp-like and clonic contrac- 
tions leading into a condition of tetany in some of the lower animals. 
The pulse is quickened and the heart beat exaggerated. The salivary 
glands excrete excessively. The temperature of the body may be raised. 
There is a wasting of the body and a distinct loss of calcium salts. The 
hair falls out, bones soften, nails become brittle, and in a young individual 
teeth fail to develop. The whole list seems to indicate that the gland is 
responsible for the regulation of the calcium metabolism of the body and, 
therefore, of irritability of the cells of the body. 

In the frog, Eana catesbiana (Shaw) total parathyroidectomy pro- 
vokes a series of symptoms which resemble in many respects the para- 
thyroid-deficiency syndrome of mammals and always causes the death 
of the animal. Hyperexcitability and nervous disturbances are the rule, 
while some cases of severe tetany occur. A drop of from 25 to 50 per 
cent of the normal calcium content of the frog blood has been noted. 
Attempts to prevent the unfavorable s 3 miptoms and death of the animal 
following parathyroidectomy by the use of parathormone, parathyroid 
extract, and calcium salts fail. 

After extirpation of the parathyroids the changes in the teeth, espe- 
cially the disturbance of the deposit of calcium salts and formation of 
basal substance, become continually more marked. That the thyroid 
is antagonistic the effect of the parathyroids on dental development may 
be judged from the fact that the disturbance of dental formation is slighter 
when the thyroid is extirpated with the parathyroids than when the 
latter alone are removed. 
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The Pancreas. — The pancreas is usually considered simply a gland for 
the production of enzymes concerned with the intestinal digestion of food 
matters. Associated with the alveoli of the pancreas, lying bedded 
between them, and arising from the same general source (the endoderm of 
the mid-gut) are small groups of cells known as the Isles of Langerhans. 
These groups of cells produce a substance known as insulin which is 
diffused directly into the blood stream and which serves, in cooperation 
with the secretion of the adrenal gland, to control the metabolism of 
sugar in the body. An insufficiency of insulin leads to that condition 
spoken of as diabetes. 

The Pineal Gland. — The pineal gland is a small body projecting 
from the roof of the third ventricle of the brain and above the pituitary. 
It arises as an evagination from the third ventricle. There are present 
at least two sorts of cells: nerve cells containing pigment and large glandu- 
lar secreting cells and associated with these are sandy grains of calcium 
salt. The gland is found in nearly all of the vertebrates and in some of the 
lower forms has been interpreted as the remains of a third or median eye. 
Certain it is that the gland has attached to it a structure which has the 
appearance of retina and lens. In none of the higher forms is there 
indication that the gland has any visual function. On the contrary, 
there seems now very good evidence that the principal function of the 
gland is concerned with the secretion of some hormonic substance. What 
this substance may be is not known, for it has not yet been, possible to 
isolate from the gland any substance giving rise to the conditions which 
are coming to be associated with the activity of the gland. 

The gland is most active during childhood. It probably cooperates 
with the thymus as a general inhibitor of other endocrine glands after the 
second year of life, especially of the sex glands and those having to do with 
the appearance of the secondary sex characters. Delayed involution of 
the gland leads to obesity. The gland must atrophy or retire from active 
service before the normal hypertrophy of the sex glands can start. 

There seems also some connection between the gland and muscular 
system of the body. In cases of progressive muscular dystrophy there 
has been found a calcification, with accompanying inactivity of the gland. 
In precocious involution or destruction of the gland, hair appears upon the 
face and precocious puberty takes place in children of 6 years or less. 

In general, it may be said that the evidence concerning the functions 
of the pineal gland is inconsistent, inconclusive, and unsatisfying. 

The average weight of the human pineal gland is for males 0.154 g., 
for females 0.159 g. In males the weight of the gland increases until 
the age of 50, in women decrease begins at 40, followed by a second 
increase. - The disappearance of 'the pineal parenchyma, and the atrophy 
of pineal cells occurring in teratoma of youth, are most important fac- 
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tors for the origin of sexual precocity. Primary pineal tumors are more 
numerous in males than in females. No sexual precocity is observed in 
females from this cause. At least 40 per cent of the pineal tumors of 
youth are accompanied by precocious genital development. Testicular 
hypertrophy has also been seen in men of 35 to 44 years accompanying 
atrophy of the pineal parenchyma. The changes in the pineal of cas- 
trated animals also speak for a relation between sex glands and epiphysis. 
Strong terminal growth of hair in 16-year-old youths raises suspicion of 
cancer developing in the pineal. 

Gonadal Secretions.— The reproductive organs of prime importance, 
the ovary and the testis, serve, not only for the production of the female 
and male germ cells, but also for the elaboration of certain endocrine 
substances which play important roles in the regulation of sex activities 
and in the development of purely secondary sex characteristics. These 
hormones appear to be largely responsible for those peculiarities which 
may be included under the general terms femaleness and maleness. 

In the following account it is assumed that the student is already 
familiar with the general anatomy and histology of the reproductive 
systems. 

The Ovary . — During early life the secretions of the ovary appear to 
regulate physical development. Working with other endocrines, espe- 
cially of the pituitary, they become responsible for skeletal conformation, 
especially of the pelvis, for rounded body outlines, development of mam- 
mary glands, etc. 

From the Graaffian follicles of the ovary is derived the hormone 
theelin (folliculin, oestrin, menformone, amniotin, progynon) which has 
the chemical composition C 18 H 24 O 3 , and from the corpus luteum, the 
yellow body which forms in the ruptured Graaffian follicle after the escape 
of the ovum, 'progestin (lutein) is derived. 

Theelin, a fat-like substance produced by follicular cells and appearing 
in the follicular liquid, is formed throughout life from fetal stage to meno- 
pause. It accelerates growth to sexual maturity, induces oestrus or heat 
in animals deprived of ovaries, and by being periodically discharged 
maintains the normal sexual rhythm. It is produced normally in some- 
what excessive amounts and is excreted by kidneys and intestines. It 
can be found in the blood of normal women and is more abundantly pro- 
duced during pregnancy. It is also found in the amniotic fluid of embryos 
of animals slaughtered for food and in the human placenta. It serves 
as stimulus for the genital tract in case of the fertilization of the ovum. 
The walls of the uterus and vagina thicken and their blood supply 
becomes more abundant. Mammary glands increase in size. The ovary 
is actually depre:ss^d by overdosage and the sympathetic nervous system 
soothed. 
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Progestin prepares the uterus for reception of the fertilized ovum, is 
formed only during active reproductive years, determines the dura- 
tion of pregnancy, and by a sudden deficiency in amount, the onset of 
menstruation. 

The Testu . — From the interstitial cells of the testis there is given off 
a substance known as the testicular hormorbe, mdrosterone, ha\dng the 
composition C16H26O2. This substance evidently plays an important 
role in the physical development of the individual, being especially 
involved in those developments of body and mind which are generally 
included under the somewhat vague term masculinity. From the sex 
cells themselves is given off an inhibitory hormone. 

The Placenta,— ^tong considered a storehouse of sex hormones, the 
placenta is now shown to be a source of theelin, and it is found that the 
amount of this secretion increases during pregnancy. Theelin is not 
effective when given by the mouth. The placenta produces also emmenin, 
which is fully active when given by the mouth. It promotes sexual 
maturity without other complicating effects. Coming also from the 
placenta is an anterior-pituitary-like hormone. This has the sex stimulat- 
ing properties of the prolans coming from the pituitary gland. The 
placenta produces also a hormone which induces lactation. 

Animals (and human beings) deprived of ovaries, and therefore of 
the ovarian hormones, or of testes, and therefore of the testicular hor- 
mones, tend to exhibit in each sex a physical reversion toward the type 
of the other sex. Males deficient in gonads become less masculine and 
more female-like; females become less feminine and more male-like. 
This statement applies to type of skeletal and muscular development, 
growth and distribution of body hair, character of skin and nails, char- 


acter of voice, even mental characteristics, psychological attitudes, etc. 

Endocrine Secretions of Invertebrates. — In spite of the tremendous 
interest which has been manifested in endocrine secretions, relatively 
little has been done in the investigation of endocrine secretions among the 
invertebrated animals. The following brief statement is a summary of a 
review prepared by Koller upon this much neglected part of the field: 


1. The presence of active sexual hormones can be assumed with a reasonable 
degree of certainty in cases where parasitic or experimental castration brings 
about specific changes in secondary sexual characters. One of the principal 
instances of this is the parasitic castration of decapod Crustacea (Carcinus, 
Inachus, Pagurus) by degenerate Rhizocephala, the result of which is, in male 
crabs at least, a definite approach of the female facies. It seems possible that 
the seat of formation of the hormones is not in immediate connection with the 
gonads themselves (Courrier). Similarly ^^stylopisation^’ in the h 3 axienopteran 
Andrena causes alterations in color of the clypeus, differentiation of the tibia, 
etc., in both sexes, resulting in an unmistakabie approach to the opposite sex. 
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Earthwonns {Lumhricus herculeus), in wMch the testes are destroyed by parasites 
or by experiment, lack the clitellum, a secondary sexual organ. 

The results of experimental castration indicate, as far as the present state of 
our knowledge goes, that there is a fundamental difference between Crustacea 
and insects. It has been definitely proved, by the castration of Asellus aquaticm 
with radium, that in this animal the development of the brood pouch is dependent 
upon the presence of functional ovaries. The numerous gonad extirpations and 
transplantations performed on caterpillars do not permit of any certain assump- 
tion that hormones exist in these animals. The same is true for experiments with 
the cricket {jrt/ZI-us campestris (Regen). It is nevertheless the opinion of some 
workers (Harms, von Buddenbrock) that the gonads may be spatially separated 
from the endocrine organs, as in Courrier’s experiments mentioned above, and 
that consequently castration experiments cannot settle the matter. 

2. In Physcosoma, Harms has demonstrated histologically and physiologically 
the existence of an endocrine gland (internephridial organ) the secretion of which 
is essential to the life of the animal. 

3. In cephalopods the morphological characters of the branchial and peri- 
cardial glands suggest endocrine action. The fact that tyramine (an active 
principle of ergot), a product of the salivary glands, has also been found in the 
blood (Henze, Sereni) is of particular significance. 

4. The oenoc 3 rfces of larval and adult insects, which have been studied by 
numerous workers, are unicellular endocrine glands. The secretory process 
originates in the nucleus of the oenocyte. Probably the oenocyte endocrines are 
of importance in metabolism, and perhaps also in developmental processes such 
as ecdysis. 

5. Holler has shown by blood transfusion that internal secretions are probably 
concerned in ecdysis and pupation of caterpillars. The place of formation of the 
hormones concerned is still unknown. 

6. Holler and Perkins have shown experimentally that the expansion and 
contraction of melanin in the chromatophores of shrimps and prawns are due to 
substances which are secreted into the blood of the animals in response to light 
stimuli. The seats of formation of the two endocrines are situated respectively 
in the eyes and in the rostral region of the animals. Holler showed that these 
substances do not lose their efficacy either by passing through the wall of the 
alimentary canal or by boiling. This, together with the fact that they are specific 
neither for species nor for genera, confirms the endocrine nature of the sub- 
stances in question. 

The investigations of Giersberg on the color changes of Dixippus lead to the 
assumption of hormone action here, also. The sympathetic nerves and the 
corpora allata are regarded as the places of formation of the substances concerned 
in the color change. 

Experiments with ^ Endocrines upon Invertebrates. — ^Feeding of des- 
iccated and powdered endocrine glands to invertebrate animals has led 
to somewhat discordant results and indicates that the responses of these 
lower forms are unlike those of higher animals. Alpatov reports that 
0.5 g. of powdered hog thyroid containing 0.42 per cent iodine mixed 
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with O.S g, powdered Magic yeast cake was fed to larvae of Drosophila 
melanogaster ill siB^ges from hatching up to 4 hours old. The control 
larvae were fed on 0.5 g. yeast containing an equivalent quantity of 
powdered hog muscle instead of thyroid powder. The larvae were 
killed 67 hours after being put on food. About 8000 larvae were used. 
Those fed thyroid were significantly larger than the controls, but the 
imagoes of the latter seemed to be a little larger. 

The administration of thyroid to caterpillars of Lymantria dispar 
does not cause distinct changes in duration of larval or pupal periods. 
There is distinct diminution in the chrysalid weight but no constant 
negative correlation between pupal weight and duration of larval life. 
LugoFs solution (I in KI) has no distinct influence on pupation rate of 
caterpillars of Pieris hrassicae but diminishes the pupal weight. Mortal- 
ity is not increased by either iodine or thyroid feeding. 

When silkworms of a first generation are fed on mulberry leaves 
sprinkled with commercial preparations of the thyroid gland, there is a 
retardation of development, whereas the second generation (fed on 
mulberry leaves without the thyroid) develop faster than the control 
specimens and lay more eggs than the control. Similarly, anterior 
lobe of the pituitary fed to silkworms in the same way leads to heavier 
body weight and poorer egg laying in the first generation but makes the 
second generation lighter even than the controls in body weight, without 
any change in the speed of development. Terao maintains that the 
thyroid gland gives accelerating effects on the gonad of the worms, 
whereas the anterior lobe of hypophysis makes the somatic growth of the 
worms better. 


CHAPTER XVIII 


PHYSIOLOGY OF REPRODUCTION 

The phenomena associated with the processes of reproduction have in 
them so much of mystery and interest that the real significance of the 
process is likely to be missed. It is only natural, it may be supposed, 
to think of the process of reproduction as a process having for its object 
the production of new individuals of the same kind as those which have 
preceded it. There is a tendency to think of individuals as being of 
great importance, while, as a matter of fact, it is more probable that it is 
the race that is, after all, of supreme importance and that the individuals 
are only incidents in the racial history. The race of organisms must not 
be thought too much as something set apart and different from other 
races, though this may be true; but the race should be thought of as 
representing an organic continuity reaching back for millions of years 
to conditions, the simplicity of which can only be guessed, and potentially 
reaching forward to conditions of complexity and high organization, con- 
cerning the exact details of which biologists are in no position even to 
speculate. Now also, the fact mentioned very early in this work must 
be called to mind that the organism, whether it is a single cell or a more 
complex multicellular aggregate, is, after all, a complicated physico- 
chemical system. The thing which the organism provides for is, then, 
the continuity of the particular physicochemical organization of which 
it is a part. 

The methods by which various types of organisms undertake to pro- 
vide for this organic continuity show a wonderful evolution from the 
simple processes of budding and fission, seen in the very simple forms of 
animals, up to the highly complicated sexual reproductions, seen in the 
mammals. These differences in the reproductive processes are not to be 
thought of so much as differences of kind, however, as differences of 
degree, in which the details of the reproductive process have been 
improved, and differences enforced by the varying environmental condi- 
tions, under which development takes place. 

Biogenesis. — ^Two terms which have held prominent place in biological 
literature for the past seventy-five years are biogenesis and abiogenesis^ 
the former referring to the fact that living matter arises only from living 
matter and the latter to the possibility that living matter may arise 
from nonliving matter. While the experiments of Pasteur, Tyndall, 
and others appear to have disposed of the possibility of the genesis of 
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living matter from nonliving matter under the conditions prevailing in 
the particular experiments mentioned, the facts presented, however, do 
not render impossible the origination of living matter from nonliving 
matter at some period of the earth's history or under conditions then 
existing and which may still exist. The facts that living stuff is made of 
the same elementary substances as nonliving matter and operates in 
accordance with the same laws certainly lend weight to the suggestion 
that the associations of these elements into the particular unstable com- 
pounds, which are recognized as characteristic of living beings, form a 
definite and logical step in the evolution of the higher types of matter 
from the simpler. 

The significance of the colloidal condition and the possibility that 
inorganic colloids may have played an important part in the synthesis of 
some of the simpler substances, which have long been considered to be 
the results of organic action only, have only recently been recognized. 
The work of Benjamin Moore clearly shows the possibility of the synthe- 
sis of simple carbon compounds from carbon dioxide and water through 
the use of inorganic colloids as catalysts. 

Fundamental Types of Reproduction. — It has been customary on the 
part of biologists to speak of two main types of reproduction among 
animals, asexual and sexual. As a matter of fact, it is very diflicult to 
draw a sharp-line distinction between these two types because of the way 
in which they intergrade. It has also been customary to subdivide those 
asexual processes which do not involve any union of gametes, or sexual 
cells, into a number of different forms: 

1. Budding, or Gemmation . — This is a form of asexual reproduction in 
which the new organism develops as a bud from some part of the body of 
the parent. The buds may remain attached to the parent, in which case 
compound animals, or colonies, are formed. Such budding occurs in 
corals, hydroids, polyzoans, compound ascidians, etc. In some forms 
the buds become separated from the parent, as in hydra. In some cases 
the term is extended to include the formation of new individuals by a 
similar process within the body of the parent. In unicellular organisms, 
as the yeast plant, gemmation is simply a form of cell division in which 
one of the new cells is much smaller than the other. 

2. Fission . — ^This is a form of reproduction in which an animal body 
spontaneously divides into two parts, each of which grows into a complete 
organism. In unicellular organisms, it is identical with cell division. 

3. SpoTulation, or Endogenous Cell Division . — Reproduction of this 
sort occurs among many of the protozoa. A cell forms a cyst with a 
thick wall, in which the protoplasm of the cell divides repeatedly, form- 
ing many cells. Under appropriate conditions the cyst is broken and 
the many daughter cells are released. 
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Sexual Reproduction, — There can be little doubt that the earlier forms 
of the reproductive process found among animals showed little or no 
evidence of sex differentiation. In most animal groups, some form of 
sexual reproduction has developed in which two sexual gametes, a macro-- 
gamete, or egg cell, and a microgamete, or sperm cell, are brought together 
through a definite process of conjugation into a common zygote. Such 
conjugations are now known to occur in all animal groups from the pro- 
tozoa up. It appears to be true that, if a protoplasmic line is to be con- 
tinued for a long time, it must seek its perpetuation through combination 
with some other similar line. Whether the rejuvenation of the germinal 
material was the end sought in the first attempts at conjugation of germi- 
nal cells may be a matter of doubt, though there can hardly be doubt as 
to the end result. Certainly, the admixture of the different lines had the 
effect of providing for variation in the character of the resulting line, 
and with variation there would be the possibility of what has come to 
be called evolution. 

Reproduction among the Metazoa. A Series of Phenomena, — Repro- 
duction among the metazoa is to be looked upon as a series of processes 
which are so closely interrelated as to seem to be almost hopelessly 
scrambled together. Careful analysis has shown, however, that it is 
possible to separate one process from another and so come to a clearer 
understanding of the whole complicated physiological reaction. 

The following diagrammatic scheme indicates some of the larger steps 
or phases of the reproductive process: 

Differentiation and growth of gorm cells. 

Maturation of egg and sperm cells. 

Ovulation. 

Insemination. 

Fertilization: 

External. 

Internal — copulation . 

Cleavage. 

Implantation. 

Placentation. 

Organ formation. 

Fetal-membrane formation. 

The Egg Cell a Highly Specialized Cell. — ^The statement has some- 
times been made that the egg cell may be taken as an example of an undif- 
ferentiated or unspecialized cell. Our present understanding of the egg 
cell and its activities indicates that the egg is one of the most highly 
specialized cells in existence. As a protoplasmic cell it exhibits the 
same fundamental properties as pertain to other protoplasmic cells. 
Its property of irritability seems to be somewhat specialized and limited, 
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in that it responds to the stimulus furnished by a spermatozoon of its 
own kind display of energetics, while it does not 

ordinarily respond in the same way to other forms of stimulation. In 
order to do its work as an egg cell and finally give rise to an organism 
capable of independent existence, it must be provided with: 

1. A mechanism of cell division. This mechanism must be of a sort 
such as will provide for the proper division and distribution to the daugh- 
ter cells of both nuclear and cytoplasmic materials. It must, therefore, 
be highly organized. 

2. Diversity of structure and composition. The egg cell must have 
the power to produce cells of as many kinds as are to be found in the 
adult organism. This does not mean that the egg cell shall divide at 
once into muscle cells, nerve cells, gland cells, and the like, but that there 
must be in the egg the potentiality for differentiation and a definite 
physicochemical architecture. 

3. Large supplies of energy-furnishing material. The egg must have 
the power to divide itself into many cells. This work calls for the expen- 
diture of energy. The material for supplying this energy must be present 
in the egg to carry it along in its early developmental history to a time 
when it may be able to take in food materials from without. 

4. A high degree of sensitivity to changes in external conditions. The 
development of the egg must take place under certain definite and highly 
stable environmental conditions. It must possess, therefore, a highly 
responsive physicochemical balance. As the egg is a colloidal system, 
this prerequisite is provided for. The development of this unstable 
system is, then, a series of interactions between the egg and the environ- 
ment in which it is placed. 

5. The ability to develop into a definite and specific organism. This 
specificity is undoubtedly fundamentally a matter of chemical constitu- 
tion and arrangement. It has already been seen that specificity in the 
adult is a matter of chemistry. It certainly cannot be less so in the 
embryo or the egg. 

The degree of success which may be attained by a germ cell, in playing 
its part in forming an adult of any given species, may be measured by the 
exactness with which it approaches the chemical nature of the line which 
it is supposed to represent and by the exactness with which it is adapted 
to the conditions of the environment in which it passes its developmental 
stages. 

The egg cell is frequently looked upon as a storehouse of heritable 
characters received from the two parents. It is more than this: It is a 
mechanism for cell multiplication, upon which is imposed a mechanism 
for assorting and properly distributing to the daughter cells those heredi- 
tary determiners received from the two parents and a mechanism for 
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developing, from an apparently homogeneous egg protoplasm, a highly 
heterogeneous adult form. 

The Germ Cells.— Very early in the life history of any individual 
there are set aside certain cells which, because of the part they are later 
to play, are known as germinal cells. When these cells are first set apart, 
it is not possible to distinguish whether they are to develop into ova — egg 
cells— or spermatozoa — sperm cells. As the adult life of the individual 
approaches, these cells of the germinal epithelium give rise to highly 
differentiated sperm or egg cells. 

The fact that the cell is to be considered a physicochemical system 
has already been emphasized. This idea must now be carried over to the 
structure and functions of the germ cells. The germ cells, either egg cell 
or sperm cell, must be thought of as a physicochemical system, which is 
colloidal in character, is produced within the body of the living organism 
under the influence of a definite organic environment, and comes to have a 
peculiar and definite physicochemical architecture and balance, such as to 
render it able to convey to its descendants those physical and chemical 
qualities and arrangements which characterize the organism from which it 
was derived. It is not enough to think of the cell as a whole as being a 
physicochemical system, but the idea must be accepted that, even in its 
most finely divided parts, such as nucleus, chromosomes, etc., it is such a 
system. The fact must also be kept in mind that not only is the cell such 
a system but that it has its peculiar properties because it is the result of 
the division of a previously existing similar system and that it may in 
time itself give rise by division to daughter systems similar to itself. 
It must be recognized that the cell is what it is because of the chemical 
composition and physical arrangements of all its parts, i.e.j its physico- 
chemical configuration. If the configuration is modified, the cell is 
modified. 

Chemical Analysis of Germ Cells. — Not very much is known concern- 
ing the chemical composition of germ cells. Bialaszewicz has made a 
study of the mineral composition of a number of different kinds of eggs. 
The results of analyses of the ash of eggs of 13 species, expressed in rnilh * 
grams per gram of ooplasm show that with the exception of eggs of cepha- 
lopods, K is the most important element in egg ash of all species examined, 
the quantity being almost double that of the other metallic elements 
present (Na, Ca, and Mg). Na is present in small amounts and Ca and 
Mg in about equal amounts, although Ca is the most variable of the 
metallic constituents. Cl and P approach K in importance. There is 
relatively little difference between eggs of land and marine animals in 
regard to amounts of alkaline and alkaline-earth metals present. Thus 
eggs of marine animals, both vertebrate and invertebrate, contain only 
one-ninth to one-fourth the quantity of electrolytes present in sea water. 
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This is an example of the general phenomenon called mineral hypotony 
by Fredericq and observed for the first time in his study of the muscle 
ash of marine animals. 

Life Histories of Germ Cells. — study of the life histories of the ova 
and spermatozoa reveals the fact that these two sets of cells pass through 
developmental cycles which are practically parallel. In each case the 
germ cells are derived from primordial germ cells, which divide many 
times during the early life of the individual. This is the pmod 0 / 
multiplication. It is during this period that the vast numbers of very 
minute oogonia and spermatogonia are formed which may later in the 
life of the individual give rise to the functional germ cells. In any org- 
anism not all of the cells formed during this period of multiplication are 
likely to function as germ cells. Some will be lost even though they 
become mature. Some will not pass through all of the phases necessary 
for the full maturing of the germ cells. Some may be absorbed and their 
material used by other more active germ cells. Some will eventually 
become mature and function as reproductive cells. 

The second period in the development of the germ cells is a period of 
rest and growth. It is during this period that it becomes possible to 
distinguish spermatogonial and odgonial cells from each other. Those 
cells which are to become ova accumulate large amounts of food materials. 
The nonliving matter in these cells may become many times more in 
bulk than the living matter. The cells grow rapidly in size. The sub- 
stances laid down in the ova during this period include food yolk, of 
which there may be a vast amount in proportion to the amount of active 
protoplasm, and substances of the general nature of hormones or auto- 
coids or of substances from which such hormones may be derived by the 
metabolic processes of the egg. These hormone substances are later to 
play an important part in regulating the activity and direction of develop- 
mental processes in different regions of the embryonic body. 

In the cells which are destined to form spermatozoa, very little of 
the morphological change which is so characteristic in the oogonial cells 
is to be seen. These do not increase markedly in size. The cells are, 
however, becoming internally organized for the work which they are 
later to do. 

The third phase of the development of the germ cells is the period of 
maturation. Up to this time the number of chromosomes in each odgonial 
cell and in each spermatogonial cell has been the same as is found in 
the somatic cells of the individual, a number which may be designated 
by the symbol s/1. During the maturation phase, the number of chro- 
mosomes is reduced to one-hall the somatic number {s/2) in preparation 
for the later fusion of the egg and 3 perm nuclei.. 
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In each primordial germ cell developing in ovary or testis, there is a 
complex of hereditary determiners, derived from paternal and mater- 
nal sources, and which comprise the chromosome complex of the 
nucleus. Each chromosome is bivalent in character, one-half having 
come from the paternal and one-half from the maternal side. In order 
that the number of chromosomes shall be maintained constant in any 
given species, it is essential that one-half of each bivalent chromosomal 


Fiq. 151. — Various types of spermatozoa: A, Triton (salamander) (after BaUowitz); 
B, Nereis (annelid) (after Lillie, 1912); (7, guinea pig (after Neves); D, Phyllopneusto (bird) 
(after BaUowitz); E, sturgeon (after BaUowitz); F, Vesperugo (bat) (after BaUowitz); G, 
Castrada hofmanni (turbeliarian) (after Luther); JBT, Pinnotheres veterum (crustacean) (after 
Koltsoff); I, Homarus (lobster) (after Herrick); J, Ascaris (nematode); a, apical body; n, 
nucleus; r, “refractive body” (after Schehen), 

pair shall be discarded before the cell is to function in the process of 
fertilization. The details of the process belong more properly to a course 
in cytology than to a course in physiology, though the significance of 
the process is fundamental. It is essentially a casting aside — at least a 
throwing out of the nuclear mechanism — of chemical substances derived 
from ancestral cells, substances which, when present in the chromosomes 
of the germ cells, exert a directive or determining effect upon the destiny 
of the daughter cells. These substances are the hereditary determiners. 
Morphologically, they are in all probability contained in the minute 
jelly-like granules which comprise the chromosomes. 
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Forms of Mature Spermatozoa— The mature spermatozoa of different 
animals vary much in size and form. Some of the diverse forms are 
shown in Tigs. 151 and 152. Each spermatozoon consists of a head por- 
tion, middle piece, and tail. In addition, there may be other specialized 
portions, as perforatorium, acrosome, etc. The head of 
the spermatozoon contains the nucleus, and corresponds to 
the nucleus of the egg cell. It contains the chromatin, 
which serves as the carrier of the determiners in heredity. 
The head is usually surrounded by a thin layer of cyto- 
plasm. The middle piece is a cytoplasmic structure 
located just back of the head and contains the centrosome, 
chondriosomes, and other inclusions. The tail is made up 
of two portions, an axial portion which extends backward 
from the middle piece, and a sheath of cytoplasm, which 
usually covers nearly the v/hole length of the axial portion. 
This sheath is variously modified into undulating mem- 
branes of one form or another in some animal groups. 

Longevity of Sperm Cells. — Sperm of the sea urchin 
(Arbacia) and of the mollusk (Cumingia) swam 29.5 cm. 
in hours. Out of the several millions of sperm tested, 
only about 20 of each species succeeded in doing this. 
Sperm of the annelid (Hydroides) swam little, except when 
very near the eggs. As a rule the sperm became inactive 
in about 5 hours after shedding and died in about 7 hours. 
Unfertilized eggs live longer; those of the sea urchin 
Arbacia, 26 to 48 hours; of the mollusk Cumingia, 6 to 22 
hours; of the worms Hydroides, 8 to 38 hours; and Nereis, 
6 to 24 hours; and of the mollusk chiton, 8 to 40 hours. 
Respiratory Activity of Sperm Cells. — ^A freshly pre- 
DiaSm dilute suspension of the spermatozoa of the sea 

ical flagellate urchin Echinus has a respiratory level higher than that of 
perf?ra*tod^r^^ actively beating vertebrate heart, since 1 g. of cells may 
A, acrosome; iV, consume (at 17°C.) about 8 cc. of oxygen during the first 
Sobr^, midSe active life. The respiratory level soon fails, so that 

piece; F, axial the total oxygen Consumed during life is not more than 
sheath^ about 32 cc. of oxygen per gram of cells. The decline in 
E, end ^ piece, the activity of a suspension of spermatozoa can only be 
(After wueon,) j^eg^rded as due to a process of spontaneous irreversible 
decay (or to an exhaustion of food reserves). From this point of view 
senescence is irreversible. Or the decline in activity of a suspension may 
be harmonized with the hypothesis that senescence is due to a process of 
autointoxication whereby the^ products of activity inhibit the essential 
reactions of life. From this point of '^iew senescence is reversible. 
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Egg and Sperm Shedding. — ^There- is great variation in .different 
groups of the animal kingdom as to the manner in which the male and 
female germ cells are brought into contact. Even in those forms in 
which there is no copulation, there are undoubtedly metabolic disturb- 
ances, and in many cases the shedding of eggs and of sperm is the result 
of stimuli of a chemical nature. Such is certainly true in the case of some 
of the nereid worms in which individuals of each sex give off into the 
sea water some substance which stimulates individuals of the other sex 
to sex activity. The response is almost instantaneous and so very definite 
as to be very spectacular. Among the echinoderms, the sperm is shed 
by the males, and within a few seconds females in the vicinity will begin 
to shed eggs. This, again, is probably to be interpreted as a response to 
chemical stimulation. 

Among the higher animals, especially the mammals, the correlation 
of the activities of ovaries and accessory sex organs is effected by means of 
hormones carried in the blood stream, 

H. Monroe Fox found that in the sea urchin Centrechinus setosum 
the ovaries and the testes show a remarkable periodicity of activity 
associated with the lunar period, the genital products being spawned into 
the sea about the period of the full moon during the breeding season. 
After spawning, the gonads become reduced in bulk, the declining phases 
of the moon being occupied by recuperation and the commencement of the 
preparation of fresh gonadal products. After the new moon these 
increase in ripeness and in bulk, and with this development the size of 
genital glands grows visible once more. 

The following data indicate a very widespread condition of lunar 
influence, calling for a great deal of further study: 

Species Swarming Habit 

Palolo worm, Leodice viridus (Pacific), Last quarter of moon in October and November 
Palolo worm, Leodice fucata (Atlantic),Third quarter of moon in June and July 

Palolo worm, Ceratocephale Os Full moon and new moon 

Palolo worm, Staurocephalus greg Last quarter of moon, sometimes flrst quarter. 

Tide seems not to be the sole cause of 
swarming. Light appears to be essential 

Odontosyllis First to third quarter of August moon 

Nereis Umhata (Woods Hole) June and September. Full moon. Sink to 

low point about third quarter, increase again 
and decrease to vanish at new moon 

Platynereis megalops (Woods Hole) . , . Waning phases of moon during summer months 

Nereis (Naples),. First and third quarters of moons of October 

to May 

Amphitrite New and full moon, spring tides 

Convoluta Only at neap tides 

Chiton Full moon 

Yish.Leuresihes tenuis,.. — . .Second, third, and fourth nights after full 

moons of March, April, May, June 
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As to the physiological cause of such swarmingS; perhaps the most that 
can be said is that the reaction is due to some influence which varies with 
the lunar periods and which has affected the animals for a long time ante- 
cedent to the swarming period. 

The higher temperature of the sand flats upon which some of these 
swarming forms live, due to the abnormally low water at the spring tides 
together with a more abundant food supply, is supposed by Scott to have 
a causal relation to this reproductive cycle. 

Treadwell, in collaboration with Tashiro, has shown that the period 
of swarming of the Atlantic Palolo worm is preceded by a period of 
increased metabolic activity. This was demonstrated by means of the 
biometer, by which Tashiro was able to show that the carbon dioxide 
production ranged from: 

0.000,000,000,07 gr. carbon dioxide per minute 5 days before egg laying and 
0.000,000,000,083 gr. carbon dioxide per minute 2 days before egg laying, to 
0.000,000,000,13 gr. carbon dioxide per minute during the swarming period. 


The conclusion reached was that the increased metabolic activity of the 
animal as the time of swarming approaches furnishes an inner stimulus 
of importance in producing the swarm, and the suggestion is made that 
probably a similar stimulus is operative in ordinary egg laying. 

Chemical Stimulation of Spawning Reaction. — The discharge of eggs 


or sperm of the oysters Ostrea virginica and Ostrea gigas is stimulated by 
the presence in the watdr of sexual products of the opposite sex. In the 
female oyster the latent period varies from 6 to 38 minutes and is inde- 
pendent of the concentration of sperm. The spawning reaction of the 
female is followed by a refractory period lasting 2 to 5 days. In the male 
the latent period varies from 5 to 12 seconds; the reaction is not follo-wed 
by a refractory period. The active principle of sperm suspension does 
not pass through the collodion membrane and is destroyed by heating 
for 16 minutes at 55®C. The active principle of egg suspension is 
soluble in the sea water and withstands boiling for 10 minutes. The 
chemical stimulation is influenced by the temperature, w^hich determines 
the low^est limit (20° for Ostrea virginica) below which the females fail to 
spawn and to supply initial stimulus for the spawning of the male. 

Role of Temperature in Oyster Spawning.— Oysters will spawn 

under natural conditions, above a temperature of 20°C., upon an abrupt 
rise of 2°C., or at the first indication of a fall in the temperature following 
the peak for the day. Also, the water temperature from April to July 
has a pronounced effect upon the quantity of eggs and sperm developed 
by oysters. Variations in the degree of gonad development, intensity of 
setting of larvae, and annual production of seed oysters can be correlated 
. with the departure of temperature; from the normal during this period. 
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The greatest increase in water temperature and subsequent spawning of 
oysters occurred during periods of spring tides in July and August. 
Oyster larvae are chiefly free swimnaing at low slack water and attach 
or set in greatest number then. 

From data covering water temperature, daily range of tides, degree 
of gonad development, and relative abundance of adult oysters, it is 
possible now to predict in advance the time of spawning and setting and 
the quantity of seed oysters likely to be produced. Thus the physiology 
of reproduction comes to have an economic importance. 

Lunar Periodicity of Spawning. — In the case of Pecten opercMlaris 
there is a lunar periodicity in reproduction, near Plymouth, during the 
breeding season (January to June) as long as the temperature remains 
below ll'^C. The ripening of sexual products corresponds with the full 
phase of the moon. The lunar periodicity in reproduction is not caused 
by (1) tidal effects, (2) food, and (3) direct light of the moon individually, 
although the cumulative effect of these factors may be responsible. In 
the animal there is a physiological rhythm that causes the development 
of the gonad to coincide with the full moon of each lunar month. 

Practically 100 per cent of the individuals of the mollusk Cumingia 
telUnoides spawn abundantly during the week preceding and including 
the full moon. A few days after full moon, there is a complete cessation 
of spawning, and no eggs are obtainable for a period of 4 or 5 days 
thereafter. Within a week after spawning, each female is able again to 
shed a few eggs, and the gonads become fully replenished during the 
succeeding 10 days or 2 weeks. A similar but less marked spawning 
occurs at new moon. This cycle is repeated during June, July, and 
August. The production of eggs is a continuous process, but spawning 
is periodic and at the times of full and new moon. 

A number of instances of May fly swarms, mostly from the published 
records, show the probable existence of lunar rhythm in the reproduction 
of May flies and possibly in the reproduction or other insects. 

Arrhenius has shown, through a statistical study of some 25,000 
cases, that there is a lunar periodicity of human births. Also, he has 
shown, through a study of 12,000 cases from maternity hospitals of 
Stockholm, that there is a lunar periodicity of the onset of menstruation 
among human females. At 18 days after the moon passes through the 
ecliptic from north to south, there is a minimumnumber (6,5 per cent fewer 
than the average for all the days of the lunar month), and then the num- 
ber rises again to a maximum at another part of the month. It is pointed 
out that in each individual the onset of menstruation depends upon a 
number of physiological and psychological causes, which occur without 
any rhythm. In addition, there is a rhythmic causative factor having 
the period of the revolution of the moon. This factor is weak and will 
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only make itself acting in conjunction with the other causes. 

Menstruation may occur, then, at any time according to the resultant 
effect of all the causative forces acting upon the person, but in more 
instances than not it will fall in that part of the tropical lunar period 
in which the periodic factor is acting. 

Arrhenius suggests, in regard to the human cycle, ^Hhat the factor in 
question is the amount of electricity in the atmosphere, which he has 
shown to vary rhythmically with a period of 27.32 days. But in addition 
to this period, the atmospheric electricity has a shorter period of 25.93 
days (nonlunar). If, now, the same shorter period could be demon- 
strated in the menstruation figures, the possibility of a causal connection 
between the two phenomena would be heightened. Further investiga- 
tion has shown that the shorter period is present in the case of menstrua- 
tion. In addition, the effect of the two periodicities should be to cause 
the average time between menstrual periods to be 26.605 days. The 
average for 1834 individuals in Denmark was found to be 26.68 days. 

Factors Involved in Development — It will be recalled that, in our 
discussions of various tissues and organ system, it has been shown that 
the behavior of a tissue represents the interaction of both internal and 
external factors. Also, in the study of the nervous system, it has been 
pointed out that the behavior of an organism represents the resultant 
of all the forces, internal and external, which come to bear upon the 
mechanism called the body of the animal. Reproduction is now to be 
thought of as a type of behavior. In this case a fertilized egg cell or 
zygote — a physicochemical system— acting under the influence of a more 
or less definite environment is being dealt with. Also, the position that 
the fertilized egg is an organism must be taken into consideration. The 
influence of external factors is recognized as influencing the behavior of 
the adult organism. Here, it must be recognized that the work of cell 
multiplication, of differentiation, and of organ system building represents 
a normal part of the activities — the behavior — of the developing 
organism. 

The processes of development have commonly been looked upon as 
the expressions of the inherent activity of the fertilized egg. The pur- 
pose here is to emphasize the view that development is really the resultant 
of the interaction between the fertilized egg and its environment. The 
factors involved in development are then: 

1. Internal^ contained within the egg. 

2. External, forming the immediate environment of the egg. 

Of the internal factors involved in development, but little is known. 
From what has been said, it seems safe to assume the existence of a 
colloidal mechanism adapted to growth and self-division, upon which is 
imposed a mechanism for the transfer of hereditary determiners from one 
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cell generation to the next. In this colloidal complex there seem to be 
provided, also, chemical agents of a hormone character which serve, 
like the hormones of the adult, as the regulators of chemical reactions 
taking place within the dividing cells. 

A great variety of external factors may influence development. 
Among them may be mentioned: 

1. Relative proportions of salts in the environing liquid. 

2. Total concentration of salts (osmotic pressure) of the environing 
liquid. ■ ■ 

3. Temperature. 

4. Hydrogen-ion concentration. 

5. Gravity. 

6. Electricity. 

7. Light. 

8. Mechanical agents. 

9. Oxygen supply. 

What is called normal development (meaning most usual) depends 
very definitely upon the maintenance of the external factors at what 
may be termed optimum values. Slight variations of any of the condi- 
tions mentioned have the effect of making profound changes in the course 
of development for the reason that they interfere in one way or another 
with the rate or the proper sequence of the chemical changes involved 
in cell multiplication or cell differentiation. 

The conception of the egg cell as a highly complex physicochemical 
system now has added to it the idea that this system can go through the 
series of orderly chemical changes which would lead to the formation of 
a normal adult organism only when the egg is provided with an environ- 
ment of a particular chemical and physical constitution and with which 
it is free to react. 

The fact that certain chemical changes have taken place in the 
developing egg is indicated by the form which the embryo assumes. 
That is, the form of the developing individual is an indicator that a 
certain portion of the normal sequence of chemical operations charac- 
teristic of the species has occurred. Developmental stages are, then, 
simply indications that certain definite portions of the chemical history 
of the individual have been passed through. 

Fertilization. — It has commonly been stated that the egg cell is a 
passive sort of thing and that the spermatozoon is highly dynamic. 
This statement cannot be accepted as being wholly true. The egg cell 
must be thought of as being potentially the storehouse of all those charac- 
ters, physical and chemical, which are distinctive of the race from which 
the cell orignated; and it is not only that storehouse of characters, but 
there is present in it a supply of energy-producing materials sufficient 
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to carry it through a shorter or longer period of transformations of form 
which will result ultimately in a structure able to take in and utilize 
energy-producing and structure-building materials from its environment. 
The inactivated egg cell is not to be thought of as a dead thing but as a 
living cell in which oxidative processes are taking place at a very slow 
rate. In most eggs, the series of phenomena necessary to the production 
of a new individual will never appear unless the egg be fertilized. After 
a time the egg will die and disintegrate. 

The process of fertilization involves all of those changes by which 
two distinct and different forms of germ ceils, the ovum and the sperma- 
tozoon, are combined into a single cell, the zygote. The process of 
fertilization, the result of which is the 

■ activation of the egg, is really a compound 

when the sperm cell first comes into contact 
with the egg substance, and it results in a 
change in the cortex of the egg and in the 
elevation of the so-called fertilization mcw- 
hrane. This membrane forms with great 
rapidity, spreading in some cases from the 
point of contact of the sperm with the egg 
the whole surface of the egg within a 


^ seconds of time. 

.. ■J According to A. R. Moore, the hyaline 
eggofiVerefsi?fre7isshowingsperina- membrane of the egg of otrongyloceTitTot'us 
tozoon entering egg cortex, sp, purpuratus IS an ion-protein compound 

sjpermatozoon. 1*1* > i? tt o c\ i i * 

which, m sea water of pH 8.2 plus calcium 
chloride, reacts with the calcium to form an insoluble and inelastic 
calcium proteiaate. In sea water of pH 3.5, calcium proteinate cannot 
exist, and the membrane disappears. Eggs remaining in the calcium 
proteinate membranes for 4 to 5 days are not able to form normal 
gastrulae. The membranes may, after this time, rupture, and the 
escaped embryos form abnormal gastrulae and plutei. The elevation 
of the fertilization membrane is associated with the giving off of 
the periviteUine fluid and, in some cases, with a decrease in the diameter 
of the egg. The periviteUine fluid is hypertonic to sea water and 
comes to be diluted by water derived both from the egg and from 
the liquid outside the membrane. The entrance of the spermatozoon 
into the egg (Eig. 153) is an act which may take place in any one of 
a variety of ways. In the starfish, there is a drawing in of the sperm 
head by means of quick streaming movements of the egg cytoplasm 
which, before the process of fertilization began, had formed long threads 
reaching out from the surface of the egg, through the gelatinous envelope 
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whicli covers it. In other eggs the penetration of the egg by the sperm 
cell may be slower and may be the result of the activity of the sperma- 
tozoon itself. Frequently, streaming movements of the cytoplasm of 
the egg, of so marked a character as readily to be seen by the ordinary 
powers of the microscope, are associated with the processes of fertilization. 
The egg substance shows itself to be a real dynamic system, the energy 
supply for which has been previously provided in the yolk material 
stored within the cell. Also to be included within the processes of 
fertilization are the remarkable swellings of the colloidal materials of the 
sperm nucleus, the gradual approach of the egg and sperm nuclei until 
they come to lie near to each other at some point near the center of the 
active protoplasm of the egg, the fusion of the germ nuclei into a single 
nucleus, and, as a final step in the process, the pairing of the homologous 
chromosomes of the sperm and egg nuclei, so that full eapacity for 
development and inheritance is attained by the zygote. 

Cross- and Self-fertilization. — It is without doubt true that of most 
species of animals the eggs are fertilized by sperm coming from another 
individual. In spite of this general rule, there appear certain exceptions. 
In some species hermaphroditism normally occurs. That is, in the same 
individual both eggs and sperm are produced. In some hermaphrodites 
the eggs are produced at one season and the sperm at another, thus 
making cross-fertilization necessary. In a smaller number of animals 
self-fertilization not only is possible but must be the rule, as has been 
shown by Crabb in the case of the snail Lymnaea stagnalis appressa 
(Say). Sperm are always present in the hermaphrodite duct, and sperm 
and ova ripen together in a single acinus of the ovotestis and often pass 
out both male and female conduits together. Thus masses of sperm 
occur in the albumin of some eggs along with the vitellus, and vitelli 
are forced into the sperm receptacle with spermatozoa during copulation. 
Since sperm placed in the sperm receptacle during copulation are obliged 
to traverse the entire female conduit before meeting exposed vitelli, 
they cannot compete successfully with sperm which have ripened mth 
and entered the ova in the acini of the ovotestis. In nature cross- 
fertilization is improbable if not impossible in this snail. 

Lillie’s Analysis of Fertilization-~F. E. Lillie has been able to show 
that the seemingly simple act of fertilization is really quite an extended 
series of events in the eggs of Arbacia and of Nereis. Among these 

1. Agglutination , — Some substance is given off by the egg which aids 
in the attachment of the spermatozoon; to the egg substance. This is 
a definite characteristic reaction and is reversible. 

2. Physical Change . — There is a physical change in the character of 
the protoplasm of the egg. The egg which was originally in the sol state 


652 


TEXTBOOK OF COMPARATIVE PHYSIOLOGY 


becomes transformed into a gel. Eggs whicli were irregular in outline 
become regular and spherical in form. In the eggs of Nereis, it is noted 
that the eggs, which before fertilization were spherical in form, become 
irregular after fertilization, and later assume a spherical form. 

3. Sterilization, — When an egg is attached by a sperm of the same 
species, a change is brought about which renders it immune to the action 
of other spermatozoa of the same or of different species. 

4. Latent Period, — Following the attachment of the spermatozoon to 
the egg, there is sometimes a period in which the processes of fertiliza- 
tion appear to be at a standstill. This has been referred to as a latent 
period. 

5. Reaction, — The reaction between the egg and spermatozoon is 
usually specific, i,e,, between germ cells of the same species. It some- 
times occurs, under somewhat abnormal conditions, that eggs may be 
fertilized by the spermatozoa of other species. 

6. Penetration, — Fol was the first actually to observe the penetration 
of the spermatozoon into the egg. Lillie describes FoFs observations as 
follows: 

The first spermatozoon which comes into contact with the gelatinous layer 
surrounding the egg enters it at once, and its point comes into contact with the 
egg, usually within a second or two. The movements of the tail then slacken, 
and the head of the sperm elongates and enters the egg. The tail remains 
visible for some seconds, then disappears from sight. The head of the sperm 
forms a small nucleus, “male pronucleus, within the egg. In the starfish he 
described a small protuberance of clear protoplasm, %h.e fertilization cone, arising 
from the surface of the egg at the point of contact with the spermatozoon, last- 
ing but a few seconds, and appearing to aid in the engulfing of the spermatozoon 
in the egg,^ 

In the egg of Nereis, the progress of the spermatozoon into the egg is 
less rapid and may occupy as much as 50 minutes following the attach- 
ment of the spermatozoon to the egg. 

7. Membrane Elevation, — Beginning at the point where the sperma- 
tozoon comes into contact with the egg, there very quickly arises on the 
surface of the egg a definite membrane, which separates from the egg and 
comes to lie at a little distance from the surface. This membrane may 
continue to exist for some time during the early development of the egg. 

8. Increase in Oxidation, — The fertilized egg has been shown to use 
oxygen at a rate 400 to 600 per cent greater than before fertilization. 

9. Increased Permeability of Membrane, — The increased consumption 

just referred to is associated with ah increase in the permeability of the 
egg membrane to oxygen and to carbon dioxide and possibly to other 
substances as well. , 

^ Quoted from Lillie, “Problems of Fertilization.*^ 
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10. Decrease in Diameter , — -Several observers have noted a definite 
decrease in the diameter of the fertilized egg, as compared with that 
of the unfertilized egg. This may be so great as to allow for a diminution 
of mass to approximately 30 per cent of the original valume. 

Effects of Low Temperature upon Fertilization. — When females of 
Platynereis megalops are placed at 3.5°C. for 10 hours and then removed 
to room temperature and are allowed to copulate with a male that has 
been kept overnight in normal sea water, the percentage of cleavage 
from the eggs is low (18 out of 44 egg batches have failed to cleave; in a 
remaining group, cleavage was 4 to 74 per cent). When eggs from 
Platynereis are placed at 3. 5*^0. 3 minutes after laying and kept in a cold 
room for 10 hours, cleavage occurs in the eggs from many individuals 
and may occur in 98 per cent of the eggs. Some eggs may develop to 
the point of swimming without cell division. 

Effect of Hydrogen-ion Concentration upon Fertilization. — In the 
discussion, up to the present, there has been the tacit assumption that, 
whenever the egg and spermatozoon of a given species are brought into 
close relations, fertilization will take place. The spermatozoa of many 
animals are inactive so long as they remain within the body of the male, 
or at least so long as they are in the seminiferous tubules, and only become 
active when they come into a new environment. The part which the 
spermatozoon has to play in the process of development makes essential 
small size and considerable activity. The small size of the sperm cell 
places a definite limit upon the amount of energy-producing material 
which can be stored within the cell and, therefore, upon the amount of 
activity, Lc., the length of time during which the sperm cell may be active. 
If the stores of energy-producing materials are exhausted before the cell 
has an opportunity to play its part in the fertilization of an egg, it is as 
useless as if it had never been. 

Some of the effects of the hydrogen ion upon fertilization have been 
known since the work of Loeb (1904). Loeb was able to show that normal 
fertilization does not take place in solutions which are either strongly acid 
or strongly alkaline in reaction. Many students of experimental embry- 
ology have found that it is sometimes difficult to secure the fertilization of 
the eggs with which they were working. This has been especially true 
of the eggs of the starfish Asterias forhesii, the spermatozoa of which are 
frequently found to be inactive when they are placed in sea water. If 
the conditions surrounding the spermatozoa and the egg are favorable, 
fertilization will take place; otherwise, it will not. All the conditions 
which may enter into the determination of what is a favorable environ- 
ment are not known. One of these conditions has been found to be the 
concentration of the hydrogen ion in the water in which the eggs and 
spermatozoa are placed. Forms of animals which live in the sea water 
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produce eggs and spermatozoa which commonly interact at the natural 
hydrogen-ion concentration of the sea water. It happens that occasion- 
ally a form is found the spermatozoa of which are inactive at the pH of 
sea water. Such spermatozoa are ineffective for fertilization. These 
spermatozoa, however, in many cases may be rendered effective for 
fertilization by increasing slightly the alkalinity of the sea water. 

At the Marine Biological Laboratory at Woods Hole, Mass., the pH 
of the sea water usually lies between pH 8.0 and pH 8.2. Sometimes, the 
h^T-drogen-ion concentration increases so that the pH reaches a value of 
7.8, and occasionally it falls below the normal. During the summer of 



Fig. 154. — Chart showing percentage of eggs of Arbacia fertilized in samples of sea 
water having differing pH values. No attempt was made in these experiments to render 
the sea water free of carbon dioxide. 

1925, it varied between pH 8.3 and pH 8.4. The reaction is always on 
the alkaline side of neutrality. It was found many years ago that, when 
the spermatozoa are inactive in the sea water, they may be rendered 
active, and so fit to act in fertilization, by adding to the sea water from 
0.2 to 0.6 cc. N/10 NaOH to 100 cc. of sea water and spermatozoa. 

The range of values of pH, through which normal fertilization of the 
eggs may take place, is very limited. If the percentage of eggs fertilized 
in sea water of differing pH values be plotted against the pH values, it 
will be seen that the curve is an almost symmetrical one (Fig. 154), 
rising very rapidly from the zero point, where there is no fertilization, to 
a maximum at which practically all of the eggs are fertilized, then to drop 
off suddenly to zero. This curve, plotted from data (possibly insufficient) 
secured by students, in the embryology course at the Marine Biological 
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Laboratory during the summer of 1925, working upon the eggs of Arbacia 
fundulata, illustrates this very characteristic behavior. This curve 
represents a series of averages and has been somewhat smoothed in 
preparation. It is probably true that the curve fails to represent quite 
accurately the end points of the reaction, and it is possible that further 
experimentation would modify to some extent the slope of the curve and 
the breadth of the plateau which marks the optimum pH value for the 
fertilization process, but the form of the curve may be taken as repre- 
senting a condition which probably prevails rather generally throughout 
the animal kingdom. It indicates that normal fertilization (in Arbacia, 
at least) takes place only on the alkaline side of neutrality and has its 
optimum at approximately pH 8.5. This alkaline reaction serves 
undoubtedly to increase the rate of metabolic processes of both egg and 



Fig. 156. — Tlie influence of the hydrogen ion on the fertilization of the eggs of Arbacia. 

{From Smith aTid Clowes.) 

spermatozoon. This effect is in line with the work of Cohn upon carbon 
dioxide production by spermatozoa and also in line with Loeb’s results 
upon the rate of regeneration in the hydroid Tubularia. It should be 
borne in mind that the determinations mentioned above were made upon 
sea water as it was circulating through the pipes of the salt-water system 
at the Marine Biological Laboratory and the pH values were determined 
by the use of indicators. The method was not, therefore, so critical as 
that used by Clowes and by Smith and Clowes. 

Smith and Clowes have determined the ranges of hydrogen-ion con- 
centration in a few marine forms, through which normal fertilization is 
possible and in which fertilization is blocked. A typical case is that of 
Arbacia, and it is aU the better suited to our purpose because of results of 
the classwork mentioned in the preceding paragraph. The accompany- 
ing curve (Fig. 155), taken from the paper by Smith and Clowes, illus- 
trates the findings of these authors for the form mentioned. Other cases 
are very similar, though they vaiy in minute details. These authors 
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found that when the eggs of the forms studied (Arbacia, Asterias, Chae- 
topterus) are insemmated in sea water of carbon dioxide and of varying 
hydrogen-ion concentration, a block to fertilization appears at a hydro- 
gen-ion concentration which is constant and apparently characteristic for 
each species. If the block is defined by the hydrogen-ion concentration 
in which 50 per cent of the eggs fertilize, these concentrations are: 
Arbacia, pH 6.8; Asterias, pH 7.0; Chaetopterus, pH 7.1. 

Smith and Clowes say: 

This block to fertilization is complete, in that eggs either fertilize and develop 
normally, or do not fertilize at all; and it is perfectly reversible, in that eggs 
which do not fertilize on the acid side of the block will fertilize immediately if 
they are returned to solutions on the alkaline side of the block, and inseminated 
with fresh sperm. 

In sea water more alkaline than pH 9.8 to pH 10.0 the fertilization process 
in both Arbacia and Asterias eggs is either incomplete or impaired. Apparently, 
there is no alkaline block to fertilization corresponding in its complete rever- 
sibility to the block which appears around neutrality. 

In Arbacia there is an increasing incidence of polyspermy within a very 
narrow range centering at pH 7.2, indicating some critical condition in the 
mechanism of fertilization at this hydrogen-ion concentration. In Asterias, 
polyspermy occurs more or less uniformly over a wide range extending from pH 
7.2 to pH 9.8. 

The form of the curve within whose bounds Smith and Clowes found 
polyspermy is strikingly like that found for fertilization by the class. 

It will be recalled that in the discussion of respiration reference was 
made to a statement by Cohn to the effect that the hydrogen-ion con- 
centration of the medium in which sperm cells are placed has a deter- 
mining effect upon their activity. Cohn believed this effect to be due 
to the carbon dioxide in the solution, some of which has its origin in the 
sperm cells. Drzewina and Bohn have studied the influence of carbonic 
acid upon the sperm of the sea urchin Strongylocentrotus lividus and 
conclude that it is not the carbon dioxide which induces concentrated 
sperm to retain its vitality for a longer period than diluted sperm, as 
Cohn suggests. What the responsible factor or factors may be remains 
unknown. 

Theories of Fertilization. — It is very natural that different investiga- 
tors, having attacked the problem of fertilization from different view- 
points, should not agree in their interpretations of the facts observed. 
Numerous theories as to the nature of the fertilization process have been 
put forth, and it is not at all to the discredit of the men responsible for 
these theories to remark that , the last word concerning the nature of the 
process has not yet been said.= 
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Yves Delage bases Ms ideas of fertilization upon the fundamental 
concept of the egg as a colloidal system. He holds that the initiation of 
development is due to alternate gelation and degelation of the egg pro- 
toplasm. There is no question as to the alternation of the sol and gel 
conditions in the egg, but whether these conditions are to be considered 
as cause or as effect may be reasonably questioned. It seems likely that 
there is some process antecedent to the gelation concerning which infor- 
mation is needed. 

Heilbrunn regards initiation of development as due to a change in the 
viscosity of the egg. He finds that the protoplasm of the egg is more 
fluid before fertilization than after — a finding which other investigators 
are willing to accept. This change from the more fluid to the less fluid 
condition is interpreted by Heilbrunn to be the fundamental fact of 
activatiom He says: 

The only physicochemical effect which all partheiiogenetic agents possess 
in common is the production of a gelatinization (or coagulation) within the egg. 
Hence, I regard this gelatinization (or coagulation) as the direct cause of the 
initiation of development. 

Heilbrunn believes that the so-called fertilization membrane is already 
existent upon the surface of the egg before fertilization and that the 
elevation of the membrane occurs because of the lowering of the surface 
tension of this membrane. As the surface tension is lowered, the mem- 
brane is pushed away from the surface of the egg by forces within the 
egg which had previously been balanced by the greater tension of the 
membrane. 

Jacques Loeb thought of the egg as a colloidal, physicochemical sys- 
tem which possesses a very highly irritable cortical layer. The fertiliza- 
tion (activation) of the egg involves a cytolysis of the cortex of the egg, 
induced by a lysin carried to the egg by the spermatozoon. As a result 
of the action of this lysin upon the cortical layer, a change takes place 
which, spreading rapidly over the surface of the egg, results in the separa- 
tion from the surface of the egg of a membrane. This membrane is 
called the fertilization membrane, and its formation was believed by 
Loeb to be an indispensable step in the fertilization process. At the 
same time at which the membrane is elevated from the surface of the egg, 
other substances leave the egg. The cytolysis initiated by the spermato- 
zoon would spread and lead to the destruction of the egg except for some 
corrective factor carried into the egg by the spermatozoon. This sugges- 
tion of a corrective factor occurs repeatedly in Loeb’s writing. In his 
experimental work upon artificial parthenogenesis, a hypertonic solution 
was used as the corrective factor. Just has since shown that it is not 
necessary to postulate such a factor. Loeb contended, also, that fertili- 
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mtion of the egg is associated with a great increase in the rate at which 
oxidations occur in the egg, an increase of from 400 to 600 per cent being 
common. Such an increase in oxidation has been confirmed by deter- 
minations of the amount of oxygen used by eggs before and after fertiliza- 
tion and by determinations of heat production before and after 
fertilization. 

F. R. Lillie finds that the egg is a very irritable physicochemical 
system. Fertilization is due to the presence of a definite (possibly 
specific) substance, fertilizin. Fertilizin exhibits two kinds of activity: 
(1) it has an agglutinating (or aggregating?) effect upon the sperm; 
and, (2) it has an activating effect upon the egg. Lillie believes that 
the sperm, through some substance which it bears and which enters into 
combination with the fertilizin of the egg, thus releases in an active 
condition this substance within the egg. Dr. Just makes a slight modi- 
fication in the statement in that he substitutes aster-forming substance iox 
fertilizin in the preceding sentence. R. S. Lillie has made a critical study 
of the releasing process mentioned above, and comes to the conclusion 
that this releasing process cannot be dependent upon the simple accelera- 
tion of some chemical process, such as oxidation, for the temperature 
coefficient of such processes is of the order Qio equals 2 to 3, while in the 
phenomenon under consideration the Qio equals 200 to 400. He con- 
cludes from this fact that ^‘there is some change in the nature of degela- 
tion or decrease of viscosity in the cortical layer, which presumably 
allows substances to come together and interact, which in the condition 
of the cortex of the unfertilized egg are kept apart.’' 

Jusfs Summary. — Just says: 

The process of fertilization is not dependent upon: 
any phase of the maturation process, 
any particular configuration of the astral mechanism per se, 
the introduction of the centrosome by the spermatozoon, 
surface tension phenomena, though these attend, 
viscosity phenomena, though these attend, 
oxidation phenomena, though these attend, 

the mingling of the egg and sperm nuclei alone, for either the egg nucleus 
or sperm nucleus may initiate development without the presence of the 
^ other. 

The egg is an independently irritable system, in which various cortical 
changes may be induced as reactions between egg protoplasm, fertilizin, and 
spermatozoon. AH three factors are essential for complete fertilization. 

Number of Spermatozoa Required for Fertilization. — It has been com- 
monly assumed by biologists that a single spermatozoon is sufficient to 
fertilize a single egg. Some years ago this idea was called in question 
and an attempt was made to show that more than a single sperm ceil 
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may in some cases be required to insure fertilization and development. 
Dr. Lillie has made a reexamination of this matter and has come to the 
conclusion that in the form which he studied a single spermatozoon 
is sufiScient. He based his conclusion upon an experiment involving 
the theory of probabilities. This experiment involves the use of sperm 
suspensions of various dilutions. He made use of the eggs and sperm of 
Arbacia. The sperm with which he began his experiment was the 
so-called dry sperm’’ of the animal, i.c., the sperm which exudes 
normally from the animal, undiluted with sea water. Of this, he made 
three suspensions : 

Sperm 1=1 part dry sperm in 100 parts sea water = 1 per cent sperm 

Sperm 2 = 1 part 1 per cent sperm in 100 parts sea water = 0.01 per cent sperm 
Sperm B = 1 part 1 per cent sperm in 100 parts sea water = 0.001 per cmt sperm 

Following Dr. Lillie’s method, the following tests were made by 
students in the embryology course at the Marine Biological Laboratory: 

1 drop (Ho cc.) sperm 1 added to 1000 ce. sea water containing eggs 

1 drop (Ho <5C.) sperm 1 added to 3000 cc. sea water containing eggs 

1 drop (Ho cc.) sperm 2 added to 1000 cc. sea water containing eggs 

1 drop (Ho cc.) sperm 2 added to 3000 cc. sea water containing eggs 

1 drop (Ho cc.) sperm 3 added to 1000 cc. sea water containing eggs 

1 drop (Ho cc.) sperm 3 added to 3000 cc. sea water containing eggs 

The concentrations of dry sperm in the different solutions are as follows : 

1:3,000,000; 1:9,000,000; 1:300,000,000; 1:900,000,000; 1:3,000,000,000, 

1:9,000,000,000. 

The curve shown in Fig. 156 indicates the percentage of eggs fertilized 
in the different solutions as determined by one of the students. In the 
greater dilutions it is hardly to be conceived that more than one sperma- 
tozoon could have entered an egg. It should be stated that the result 
quoted here has been obtained by others at various times and is in general 
agreement with that obtained by Dr. Lillie himself. 

Heat Production during Fertilization and Cleavage. — ^The dynamic 
acti'^dty of the egg is immensely increased after the entrance of the 
spermatozoon. The work involved in the formation or elevation of the 
fertilization membrane, in the formation of the cleavage nucleus, and in 
other internal reorganizations of the egg protoplasm causes the expendi- 
ture of a considerable amount of energy. The formation of the cleavage 
spindle must also be costly in energy. All of these processes are 
associated with, and possibly dependent upon, metabolic processes 
taking place within the egg. It has been shown by Warburg and by Loeb 
and Wastenys that with the act of fertilization there is an increase in the 
rate of oxidation of the egg from 400 to 600 per cent above that of the 
unfertilized egg. This was discovered through making a determination 
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of the rate at which oxygen is removed from the water in which the eggs 
are placed, is also evidence that there is an increase in the 

rate of heat production, of even such small eggs as those of the sea urchin, 
at the time of fertilization corresponding to the increase in oxygen con- 
sumption. By the use of very delicate temperature measurements with 
thermocouples and highly efficient vacuum flasks, it has been determined 
that the unfertilized eggs of Arbacia give off heat at the rate of 0.008 



cal. per hour per million eggs. Immedi- 
ately after fertilization, the rate of heat 
production Jumps up to about 0.08 cal. 
per hour per million eggs. This rate of 
heat production immediately begins to 
fall and at about 20 minutes after 
fertilization comes to a constant rate, 
which is about 65 per cent of that 
immediately after fertilization or 0.57 
or 0.58 cal. per hour per million eggs. 
At the time when the cell passes into 
there is another 


\ the two-cell stage, 

\ slight drop in the rate of heat produc- 

tion, to 0.52 cal. per hour per million 
eggs. Since we know that 1 cal. is 

equivalent to 4.18 X 10^ ergs, it is 

A B c i> r possible to express the heat production 

Fig. 156. — Curve showing percentage i • x r mu x xi 

of eggs of Arbaoia fertilised in different ^alue m terms of energy. Thus, at the 

dilution of dry sperm. Solution A con- time of maximum heat production there 
tains 1 part of dry sperm in 3,000,000; . vx r i j 

B contains 1 part of dry sperm in 9.000,1 IS an energy expenditure of about 37 

000; c contains 1 part of dry sperm in ergs per egg per hour. After a few 
300,000,000; D contains 1 part of dry . , xi • * j j x u j. c^a 

sperm in 900,000,000; E contains 1 part Hunutes this IS reduced to about 24 ergs 

of dry sperm in 3,000,000,000; F contains per egg per bour and, at the passing of 
1 part of dry sperm in 9,000,000,000. ,1 • t. xu x n x x cii o 

^ ^gg two-cell stage, to 21.8 

ergs per egg per hour. The great evolution of heat immediately following 
the contact of egg and sperm is very likely associated with the elevation 
of the fertilization membrane. 

Artificial Parthenogenesis. — It is doubtful if any single line of physio- 
logical investigation has attracted so much attention from scientists 
and the general reading public as that of artificial parthenogenesis. The 
suggestion that it might be possible by artificial means to induce the 
development of an egg cell, seemed to some to be a long step toward 
the solution of the riddle of life. , It is not possible here to give a history 
of the steps in working out the methods of the artificial initiation of 
development or in the evolution of the modern conceptions of the process 
of fertilization. The names of many investigators, American and Euro- 
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pean, simply give a hint as to the intense interest involved in the work, 
and of the men who have contributed to our present information con- 
cerning the matter. Among these may be mentioned Morgan, Wilson, 
Loeb, Delage, Mathews, Fischer, Heilbrunn, McClendon, Garrey, Greene, 
Lillie, Meade, Moore, and Just, The list, of necessity, must be 
incomplete. 

Hertwig had noted that certain toxic substances would cause the eggs 
of echinoderms to divide, even though spermatozoa were not present. 
Some similar observations had been made by Morgan and one of his 
students. It was not until Loeb saw the possible significance of the 
facts that interest in this line of work became intense. Incidentally, it 
was the brilliancy of Loeb^s genius that has added much to our knowledge 
of the facts of fertilization and has served as a wonderful stimulus to 
other investigators. 

Students of development had noted that normal fertilization results 
in two distinct effects upon the egg — ^it initiates cell division, and it also 
provides for biparental inheritance. Loeb tried to solve the mystery 
of fertilization by an attempt to imitate the process. Others have 
attempted to make an actual analysis of the phenomena of fertilization. 
The latter is, of course, an exceedingly difficult thing to do, as the proc- 
esses are very complicated. When it was found that it was at all possible 
to induce development by artificial means, there were many attempts on 
the part of a large number of investigators to discover what might be 
the fundamental principle involved in fertilization. It is not to be 
wondered at that a great variety of methods of experimentation were 
employed or that for a time the results of the work seemed to be contra- 
dictory. Here, again, the fact was brought out that it is sometimes 
difficult to distinguish between facts which are of fundamental importance 
and those which are merely incidental. It was recalled that the process 
of normal fertilization results in a change in the cortex of the egg of such 
a nature that a membrane is lifted from the surface of the egg. The 
presence of this membrane had been taken simply as a convenient 
indicator of the fact that fertilization had taken place. It now appeared 
that the formation of the membrane is a matter of fundamental impor- 
tance, and that almost any method which will induce the formation of the 
membrane will induce cell division. The formation of the membrane is, 
however, caused by some agent which induces a superficial cytolysis of 
the egg substance, so Loeb concluded that any method which will induce 
this superficial or cortical cytolysis, without endangering the rest of the 
egg, may be considered as a parthenogenetic agent. Among the sub- 
stances which will induce such cortical changes in the eggs of echinoderms 
may be mentioned such substances as saponin, the bile salts; the lipoid 
solvents, benzene, toluene, amylene, chloroform, ether, alcohols, etc.; 


662 


TEXTBOOK OF COMPARATIVE PHYSIOLOGY 


bases, hypertonic and hypotonic solutions; rise of temperature, lowering 
of temperature; the chlorides of barium and strontium; blood extracts of 
foreign species, but not of the same species; extracts of the sperm of 
foreign species, but not of the same species; in the starfish, mechanical 
agitation; and in amphibian eggs, simply pricking with a sterile needle. 

Loeb found that, if the eggs of Arbacia were placed in a mixture of 50 
cc. sea water plus 2.0 cc. N/10 but 3 nric acid for from 2 to 4 minutes, 
transferred to sea water for 10 to 15 minutes, transferred to 50 cc. sea 
water plus 8.0 cc. NaCl for from 17 }^ 223^ minutes, and 

then washed in normal sea water, the eggs would segment, live, and 
develop into normal plutei. In this case the treatment with the butyric 
acid was held to be responsible for the superficial cytolysis of the egg 
and the formation of the fertilization membrane. The action of the acid 
was such as to lead to too great a cytolysis, unless the treatment v/ith 
the butyric acid was followed with some corrective agent. Such was 
the treatment with the hypertonic solution. 

Just has recently presented evidence which throws some doubt 
upon the validity of Loeb^s interpretation of the facts observed. He 
has shown that treatment with hypertonic sea water (Loeb’s anticyto- 
lytic corrective factor) alone may serve as the parthenogenetic agent 
with the eggs of Arbacia and Echinarachnius. Other forms, such as 
the starfish, etc., need no such corrective factor. Hypertonic sea water, 
made by adding 20, 22, or 24 parts of NaCl or KCl to 80, 78, or 76 
parts of sea water, respectively, has the effect upon Arbacia eggs of causing 
the elevation of the so-called fertilization membranes while the eggs are 
still in the solutions. The time for the reaction varies with the strength 
of the solution, 5 to 10 minutes being required for the solution containing 
the proportions 24:76 of NaCl solution and sea water. The membranes 
produced by the eggs during this treatment separate from the eggs 
somewhat more slowly than the membranes formed by natural fertiliza- 
tion, but they are as clear and as distinct and possess as wide a perivitel- 
line space as normally fertilized eggs. 

As in normal fertilization, there is here also a decrease in the diameter 
of the eggs due in part to the passing of water out of the eggs and also to 
the giving off from the egg cortex of substances which, going into solu- 
tion in the water contained in the perivitelline space, give to that liquid 
a higher concentration than exists in the sea water. This membrane, 
being more permeable to water than to the dissolved substances, becomes 
very tense and stretches somewhat. At a later period the osmotic pres- 
sure inside and outside the membrane becomes equalized, probably 
through the diffusion of salts outward, and the membrane becomes less 
turgid. Finally, by the time of the blastula stage, the membrane is 
lost.'s 
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Just emphasizes the fundamental importance of the change which 
takes place in the egg cortex and which he refers to as the corfocaZ reac- 
tion. He holds that the fertilizability of the egg depends (in some 
cases) upon the presence in the cortex of the egg of a substance known as 
fertilizin, as had been shown by Lillie. Complete fertilization of the egg 
depends upon combination of the fertilizin with the sperm. The cortical 
explosions leading to the separation of the membrane are the sign of 
the complete fertilization reaction. 

The artificial initiation of development has been brought about by 
a variety of means and in many forms. Among the animals in which 
satisfactory results have been obtained may be mentioned Arbacia, 
StrongylocentrotuSj Asterias and other echinoderms, Amphitrite, Thalas- 
sema, Mactra, Polynoe, Nereis, Ophelia, Chaetopterus, Petromyzon, 
Rana, etc. To bring about these results, treatment with carbon dioxide, 
bile salts, lipoid solvents, bases, fatty acids, hypertonic or hypotonic 
solutions, heat, cold, mechanical agitation, treatment with the body 
fluids of foreign species, cell extracts of foreign species, sperm extracts 
of foreign species, etc., have been employed. It can be readily seen that 
to find the common factor in all of these different methods of treatment 
has not been a simple matter. 

Parthenogenetic Development in Nature. — It has long been known 
that the unfertilized eggs of many animals develop into normal individ- 
uals. Among bees, ants, and wasps, the unfertilized eggs develop into 
males. Among some of the fresh-water Crustacea, males either do not 
occur at all or only very rarely. 

It has been* stated that the meaning of fertilization is the restoration 
of the lost power of nuclear and cell division. During the period when 
the germ cells are growing in the ovary, they come to a point where it is 
impossible for them to divide further. The process of fertilization 
restores this power. It has been also stated that the eggs of some animals, 
e.g,, some of the echinoderms of the eastern Atlantic coasts, occupy a 
somewhat transitional position between forms which are naturally 
parthenogenetic and those which are not. At any rate, the eggs of 
some of these forms, and even of the starfish Aderias of the western 
Atlantic, are so delicately adjusted that only a slight mechanical disturb- 
ance is necessary to initiate cell division. The suggestion has been 
made that some of these forms, whose eggs may be caused so readily 
to segment and develop, should be included among the naturally 
parthenogenetic forms. 

The close relationship between artificial parthenogenesis and certain 
cases of autoparthenogenesis may be seen in some of the studies made 
by Just. He studied the initiatidn of deyelppment in Arbada punctulata^ 
with special attention to the effect of slowly evaporating sea water and 
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its significance for the theory of autoparthenogenesis. Uninseminated 
Arbacia eggs in open dishes initiated development; those in stoppered 
vials did not. The difference was due to slow evaporation from the 
former, resulting in hypertonicity. The results suggest that Glaser’s 
autoparthenogenesis was really due to hypertonicity. Glaser’s method 
also admitted carbon dioxide and, in heteroparthenogenesis, some 
foreign perivisceral fluid. 

Gamic and Parthenogenetic Development of Aphids. — ^The fact that 
the type of reproduction, whether gamic or parthenogenetic, may be 
controlled by external forces, such as temperature and light, has been 
determined by A. F. Shull. He found that ^^Low temperature and 
alternating light and darkness, applied to winged aphids of Macrosi'phum 
solanifolii, tend to make their offspring gamic; high temperature and 
continuous light tend to make the offspring parthenogenetic. Temper- 
ature is much more effective than light. Alternating high and low 
temperature favor gamic offspring at least as much as does continuous 
low temperature. The mode of reproduction is determined before birth, 
and cannot be changed thereafter. To change the offspring completely 
from gamic to parthenogenetic requires less time in late spring than in 
winter. Change from parthenogenetic to gamic requires longer time than 
the change from gamic to parthenogenetic. High temperature applied 
to winged aphids for 3~6 days after birth has little or no effect on 
their offspring; but if applied for 9-16 days, the effect increases with 
increasing duration of the treatment. Offspring of parents that were 
treated to temperature and light conditions having opposite effects on 
the mode of reproduction require longer to undergo their post-natal 
development than do offspring of parents that were treated to light and 
temperature acting in the same direction. The opposition of morpho- 
genetic factors acting before birth retards the rate of development after 
birth. Both the type of reproduction and the rate of post-natal develop- 
ment of these aphids may be determined by the quantity of some sub- 
stance, and development is rapid only when this quantity is far above 
or far below some intermediate weakly-stimulative quantity.” 

Physiological Evasions of the Hazards of Development. — ^Among the 
lower metazoa, there is a tremendous waste of valuable reproductive 
material because the developing eggs are scattered far and wide and meet 
with a great variety of conditions, some of which lie so far to one side or 
the other of the optimum that continuance of development is impossible. 
In addition to the ordinary hazards due to variations of the environing 
medium, the attacks of enemies, who find the rich protoplasm of the 
eggs and embryos a most desirable supply of food must be taken into 
account. So, with all the vicissitudes through which the eggs must pass 
because of enemies and unfavorable circumstance, it happens that the 
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total number of adult individuals of any given species does not rapidly 
increase, although a single adult female may produce thousands or some- 
times millions of eggs in a single season. 

In order to obviate the tremendous waste of energy and material, 
a variety of methods of conservation have been devised in the various 
animal groups, and as the methods of conservation have become more 
and more adequate, the amount of reproductive material produced by a 
given female has been correspondingly reduced. Also, as the methods of 
conservation have been improved, there has been an associated increase 
in the complexity of the organism developed; so it may be said that com- 
plexity of adult development of any given species is in a way dependent 
upon the degree to which the conservation of reproductive material has 
been carried. 

It is impossible in such an account as this to go into any extended 
discussion of the various forms of conservation. Among the methods 
employed to make more certain the viability of the developing individuals, 
the follomng may be mentioned: 

Egg laying in masses of various forms: strings, balls (Mollusca, 
Amphibia), The egg masses of the angler fish Lophius americanus 
constitute an extreme case. Some 2,000,000 eggs deposited by a single 
female are embedded in two mucous ribbons, each of which is 2 to 3 
ft. wide, 30 ft. long, and 3 mm. thick. These rafts rise to the surface 
and the eggs hatch in 3 to 4 weeks. 

Nest building (fishes, Insecta, Keptilia, Aves). 

Egg attachment to solid object, singly or in groups: capsule formation 
(Amphibia, Mollusca, some fishes, Crustacea). 

Egg carrying by adult, attached to surface of body, to appendages, 
in skin folds, pockets, etc. (Crustacea, Amphibia). 

Increased storage of yolk, provided for prolonged development 
(Mollusca, Crustacea, Reptilia, Aves). 

Albumin coat and shell, as protection (Reptilia, Aves). 

Internal development, eggs provided with small amount of yolk, 
nutrition derived from mother (ovoviviparous, as in sharks, dogfishes, 
etc.; viviparous as in mammals, showing gradations from marsupials up). 

It is to be understood, of course, that this exhibition of care for devel- 
oping offspring is not at all an abrupt development but a very gradual 
evolution. Even among the mammals there is a very marked evolution 
in the development of the process from the egg-laying forms such as the 
Echidna, through the marsupials, up to the primates. In the higher 
phyla there is not only the protection against accidents so fatal to a very 
high percentage of the fertilized eggs of lower forms but there appears to 
be a definite attempt to provide for the embryo an environment which 
shall, in its main features, very closely ai)proach what may be considered 
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to be the optimum conditions for the development of the species in ques- 
tion and which is, in effect, a very close approach to the conditions of the 
original aquatic environment in which the ancestors of the species passed 
their developmental stages. Certainly, in the mammal, there is provided 
a constancy of temperature, oxygen, salt balance, osmotic pressure, 
hydrogen ion, and other conditions, which is unequaled in the develop- 
mental condition of any other form. 

Cleavage^ — Following fertilization, the egg undergoes a series of rear- 
rangements which finally terminate in cleavage. In some eggs, as in 
that of the frog or some of the ascidians, these rearrangements are so 
far-reaching as readily to be observed. In other eggs these rearrange- 
ments may be wholly invisible — ^yet, it seems certain they must occur. 
In many eggs there is little optical evidence that the fertilized egg is 
different from the unfertilized egg. If unfertilized eggs and those which 
have Just been fertilized are centrifuged, a great difference in their physi- 
J cal properties will be seen. The unfertilized egg has its material thrown 

,! into definite zones in such a way as to indicate that the egg is composed 

I of several different kinds of substance. The fertilized egg is much more 

i resistant and does not so readily take on a zoned appearance. In the 

:j unfertilized egg the protoplasm appears to be in a more or less liquid 

condition. The fertilized egg appears suddenly to have Jelled and so 
resists the movement of the visible particles held within the cytoplasm. 
Notwithstanding this gel condition, there are movements of siibstance 
within the egg. Materials^ which previously had been diffusely scattered 
throughout the cell are now collected into definite localities within the 
egg. This has been beautifully shown by Conklin to be true with the 
eggs of ascidians, and by Morgan in the case of the frog. 

Potential Reproductive Power. — ^The potential capacity of cells 
to build new protoplasm and to form new individuals by cell division^ 
provided suitable food and proper environment conditions can be found, 
is beyond human conception. Woodruff was able to show in the case 
of his classic culture of Paramecium aurelia that at the end of 5071 
generations, when his experiment was considered formally closed, the 
organisms of that generation were in as normal morphological and 
physiological condition as the original individual isolated to initiate the 
culture. The protoplasm of the progenitor of the culture possessed, at 
least, the potentiality to produce similar cells to the number represented 
by 2 raised to the 5071st power, or a volume of protoplasm greatly 
exceeding 10^^^^ times the volume of the earth. As a matter of fact, 
this culture was carried on for 19 years, to more than 11,700 generations, 
without showing any decrease in S3mthetic capacity. 

The same principle holds in the case of other species of animals as well, 
Glenn W. Herrick has made a somewhat similar estimate of the capacity 
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of one of the aphids to build protoplasm. He calls attention to the fact 
that the number 470,000 of the species of insects is relatively insignificant 
in comparison with the possible numbers of any single species. Huxley 
estimated the ponderable substance of the progeny of a single aphid in 
the course of 10 generations, if all lived, to be more than the weight of 
500,000,000 men. A study of the cabbage aphid, Brevicoryne brassicae 
showed that from March 31 to August 15 there were 12 full generations 
with 41 -f as the average number borne by each female. If all the 
aphids born should live, there would be at the end of the twelfth genera- 
tion 564-odd quadrillion aphids. Careful weighings showed that an 
average adult viviparous, organic female weight is 1.4 mg. Further 
computation shows that the 564-odd quadrillion aphids present on August 
15 would weigh more than 822,000,000 tons, far exceeding Huxley’s 
estimate. Moreover, the cabbage aphid reproduces comparatively 
slowly in New York State. In the melon aphid, Aphis gossypii, in Texas, 
the average number of young is 84.4 and the ponderable substance 
at the end of the tenth generation much greater than that indicated for 
the cabbage aphid. The same may be said of Toxopfera graminuMj which 
also increases more rapidly than the cabbage aphid. It must be recog- 
nized that death is a most important biological invention. 

Types of Cleavage. — Students of embryology are accustomed to 
classify the ways in which the cells resulting from the cleavage of the egg 
arrange themselves as: 

Total, or holoblastic: 

■ Radial.,. ■ ■ 

Bilateral. 

, ■ , Spiral,' " 

Partial, or meroblastic; 

Superficial. 

Discoidal. 

There can be no question that the amount of food yolk in the egg in 
proportion to active protoplasm and the distribution of the food yolk in 
the egg are factors which have an important role in the determination of 
the cleavage type. Other factors also exist, but they are less evident 
to the casual observer. Observations which have been made upon the 
cleavage of different eggs have led to certain conclusions which may be 
summarized in the following generalizations: 

1. Sach’s rule: Successive divisions of the egg tend to take place at 
right angles to each other. 

2. Balfour^s rule: Yolk matter impedes division. 

3. Hertwig’s rule: The nucleus of the cell tends to occupy the center 
of the cytoplasm, and the dividing nucleus, or spindle, elongates in the 
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direction of the greatest protoplasmic mass, or (Pflliger) the direction of 
least'resistance. ■ 

' ^ Development a Series of Interactions. — It has been stated that the 
normal development of an egg involves a series of interactions between 
the egg and its environment. The physiochemical system, which is 
called the egg, is not sufficient of itself to produce a normal embryo. 
This must mean that, even before fertilization and cleavage, the egg is 
taldng something from the environment and giving something to it. 
It is known that the egg carries on a respiratory process in which it takes 
in oxygen and in which it gives off carbon dioxide; that it gives off heat. 
It is known that older embryos and adult organisms give off nitrogenous 
wastes. The living egg must do the' same, though it must be confessed 
that this has not been experimentally proved. The food which the egg 
needs has been stored up in it during a long period of growth, and this is 
available in a form easily acted upon by the cellular enzymes and then 
absorbed. 


What is the nature of this environment? For the eggs of most of the 
marine animals, it is the sea water; for the eggs of insects, it may be the 
earth, decaying vegetation, fresh water, etc.; for the eggs of the amphibia, 
it is fresh water; for the eggs of reptiles and birds, there is included within 
the shell of the egg an environment which takes the place of the original 
sea; for the eggs of the mammals, the environment is the liquid secreted 
by the tissues of the mother. 

Now, while these different forms of environment seem to be very 
different, they have some things in common. They provide for the egg 
an environment which will supply the necessary amount of oxygen, and 
carry away the accumulation of carbon dioxide which results from the 
oxidative processes going on within the cells. They provide environ- 
ments having certain inorganic salts present in certain definite proportions 
(which are very similar for all forms). They provide environments 
having total concentrations of salts such as those to which the tissues of 
the adults of the same species are accustomed. In other words, the 
environment in each case is provided by a solution having a content of 
certain molecules, certain positive and negative ions, in a definite con- 
centration, thus giving a definite osmotic pressure, a definite hydrogen-ion 
concentration, and a definite (within limits) temperature. Through long 
periods of ancestral life, the protoplasm of each species of animal has 
become so related to its own particular physiochemical environment that 
any great deviation from the normal may lead to modification of develop- 
ment or disaster. 

It is very probably true that/the eggs and developing embryos of 
different species are not equally susceptible to environmental changes 
and that the eggs of a given species are not all equally susceptible at all 
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stages in tlieir developmental careers. Definite modifications in the 
environmental conditions occurring at special times, when certain impor- 
tant processes are taking place, are likely to have a greater infiluence than 
if the same environmental modifications were to occur at other periods. 
Stockard has referred to these times of high susceptibility as critical 
periods.^^ At such times changes of temperature, of osmotic pressure, or 
of chemical composition of the environing liquid are much more effective, 
and much more dangerous to the developing individual than they are at 
other periods. Investigation has not yet revealed just when, in the 
course of development, these periods occur. The field of experimental 
embryology is still open for much investigation and for real discovery. 

Effects of External Factors on Development. — It is not possible here 
to review all of the work which has been done in experimental embryology. 
It seems essential, however, to point out a few facts that indicate some- 
thing of the nature of developmental processes, and the necessity of 
maintaining the proper relations between the developing egg and its 
environment. 

h The Effects of Pressure .- — The effects of pressure have been studied 
in relatively few forms, and in these the pressure has been allowed to act 
through only a brief portion of the embryonic history. Driesch found for 
the eggs of the sea urchin, and Wilson for the eggs of Nereis, that the 
blastomeres could be forced to arrange themselves in an unusual manner 
and still give rise to a perfectly normal embryo. Instead of forming a 
normal blastula, the cells may be forced to arrange themselves in the 
form of a plate, one cell in thickness. This is due to the fact that the 
external pressure forces the eggs and the cleavage cells to lie with their 
major axes parallel, or nearly parallel, to the pressure planes, the space 
between these planes being too narrow to allow them to assume their 
usual positions. If the pressure were long continued, of course, it would 
be impossible for the eggs to produce viable embryos. If, however, the 
pressure be removed at an early date, the blastomeres will rearrange 
themselves and give rise to normal embryos. This may occur even 
though the pattern of cleavage, as well as the arrangement of cells, has 
been disarranged. In these experiments it is necessary to maintain a 
constant supply of oxygen. Unless this is done, the development of 
the eggs will be abnormal or cease. 

2. Influence of Osmotic Pressure on Development — If fertilized eggs of 
marine animals, such as the starfish or sea urchin, are placed in hypertonie 
solutions or hypertonic sea water (i.e., sea water which has been" concen-. 
trated by evaporation or by the addition of salt), it is found that water is 
given off from the egg, and the egg decreases somewhat in diameter. If, 
for example, 2 g. of NaCl are added; to 100 cc. of sea water and the 
recently fertilized eggs of Arbacia arb placed therein, it will be found 
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that the cytoplasmic division is inhibited, although the nuclear division 
may still occur. After a time, numerous asters may be found in the 
cytoplasm, indicating that nuclear activities have not been inhibited, 
though they may have taken place more slowly than is normal. A still 
more concentrated solution will have the effect of completely inhibiting 
the division of the nucleus. If, after numerous asters have been formed 
in the cytoplasm, the eggs are replaced in the normal sea water, they will 
be found quickly to break up into as many cells as there w’ere asters 
formed. Such eggs will continue to develop and will form normal 
embryos. 

Among animals whose eggs develop in fresh water, w^hose eggs are 
provided with a hard shell, or which retain the eggs wdthin the body 
during development, there is not likely to be any interference with the 
ordinary processes of development from a reduction of the osmotic pres- 
; sure of the surrounding medium. With marine animals, however, there 

is always the possibility that the osmotic pressure of the surrounding 


medium may be reduced. If such reduction of the osmotic pressure of 
the surrounding medium does take place, the behavior of the eggs vnll 
depend somewhat upon the degree to which the reduction occurs. If it is 
very slight, there may be no visible effect upon the eggs; if it is greater, 
a separation of the blastomeres may result, as is found with eggs caused 
to develop in calcium-free sea water. If there is a marked reduction of 
the osmotic pressure of the sea water soon after the fertilization of the eggs, 
there frequently follows an endosmosis of water which results in the 
rupture of the fertilization membrane, so that a portion of the egg sub- 
stance flows out and forms what is known as an exovate. When the 
first cleavage takes place, one of the daughter nuclei frequently migrates 
into this exovate, presumably because the addition of the exovate to the 
original form of the egg determines the greater diameter of the egg 
and, therefore, the position of the. first cleavage spindle. Each part of 
the egg then continues to divide and to attempt to form a blastula. The 
success of this attempt will, in part, be determined by the width of the 
neck connecting the two portions of the egg. If the neck is narrow, two 
blastulae will be formed; if it is wide, only a single blastula will appear. 
If two blastulae are formed, each will attempt to form an embryo. In 
the various stages falling between the formation of two distinct and 
separate blastulae and only one, there arises the opportunity for all sorts 
of intermediate conditions in which there is an apparent fusion of parts 
of two individuals. Such individuals are referred to as Siamese twins. 

3* Effects of Temperature upon Development — ^There are two ways in 


which temperature may affedt living cells. The first is by a sudden 
change from one temperature to another over a considerable interval, 
and yet not subjecting the cells to temperatures which would be neces- 
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sarily injurious. Such a sudden change may result in what may be 
thought of as a shock effect, a stimulation of the protoplasm. If, for 
example, the unfertilized eggs of the starfish are subjected to a sudden 
change of a number of degrees, either above or below the normal tempera- 
ture of the sea water, and then the eggs are brought back into the normal 
temperature again after a few seconds or a few minutes, it wiE be found 
that a certain proportion of the eggs will form membranes and will seg- 
ment as if they had been fertilized. The exact duration of exposure and 
the interval through which the temperature change must be made to 
bring about this result are matters of experiment and must be determined 
for each lot of eggs used. In general, it may be stated that the greater 
the temperature change the shorter the period of exposure necessary to 
bring about cleavage. For example, if eggs are taken from sea water at 


Table 72.---Effect of Temperatueb ttpon the Time Required from Insemination 
TO THE First Cell Division 


Temperature in 
degrees Centigrade 

Arbacia 

Strongylocentrotus 

''3 

Loeb and Wastenys 

Loeb and 

532 

4 

1911 

Chamberlin 1915 

469 

5 



852 

6 



275 

7 

498 


291 

8 

410 

411 

210 

9 

308 

297.5 

159 

10 

217 

208 

.■'^:,T43 

11 

175 

175 


12 

147 

148 

yy.,:. 131 

13 


129 


14 


116 

y" ,121'..'' ■■ 

15 

100 

100 



85.5 




70.5 




-tv 

68 


19 


65 

78 

20 


56 

75 

21 


53.3 


22 


46 

'^:^■,■■^^■y:,■■■/:75'■yy■..^■^■^y^■■i 

23 




24 ' , ; 




25 




26 

33.5 



27 




28 




29 




30 
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31 
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a temperature of 21® and placed in sea water of 35° for 70 seconds and 
then brought back to 21®, a certain proportion of them will segment. 
If they are raised to 38®, the time must be reduced to about 20 seconds to 
effect the same result. Similarly, eggs may be placed in water at reduced 
temperature. If, after maturation, the eggs are transferred to water of 
3®, it will be found that they must remain at this temperature for 2J^ 
hours before being brought back to normal temperature in order to effect 
the same result as was obtained with heating. There is probably in the 
exposure to cold a combination of the stimulating effect of the wide shift 
in temperature and the slowing up of chemical processes in the cell due 
to the lowered temperature. 

i The second effect of changes of temperature upon developing eggs, 

which should be noted, is the modif 3 dng effect upon metabolic processes. 
This appears to be just as true and Just as significant in eggs as in adult 
animals- The rate of cleavage is markedly affected by changes of tem- 
perature; and the temperature coefficient is of such a magnitude as would 
be expected if cell division is primarily dependent upon some chemical 
f reaction. The figures in Tables 72 and 73, taken from Loeb^s ^^The 

I Organism as a Whole, give an idea of the time required for the fertilized 

^ egg to pass into the two-cell stage at different temperatures. 


Table 73. — Temperatuee Coefficients Calculated from Above Data 


Temperature range 

Arbacia Qio 

Strongylocentrotus Qio 

3 

-13 


3.91 

7 

-17 

7.3' . i 

3.27 

9 

-19 

4.7 

2.04 

12 

-22 

3.1 

1.74 

15 

-25 

2.5 


17.5-27.5 

2.2 


20 

-30 

1.7 



It already has been pointed out that different chemical processes are 
differently affected by similar changes in temperature, i.e., all do not 
have the same temperature coefficients, nor do all have the same opti- 
mum points. This is just as true of chemical operations which take 
place within eggs as elsewhere. A glance at Tables 72 and 73 will indicate 
the fact that, while the cleavage processes of the two forms Arbacia and 
Strongylocentrotus undoubtedly have chemical reactions at their bases, 
they are quite different processes, or there is a different balance of chemi- 
cal processes which are going on. at the same time. These different 
chemical reactions of the egg are differently influenced by the changes of 
temperature. Some are accelerated to a greater amount than others by a 
10® rise in temperature. Some^ possibly, are actually diminished by a 
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rise in temperature after a certain point is passed. This means that the 
balance of reactions within the egg is upset. Some substances are being 
produced at a faster rate than they ought to be, in proportion to the rate 
of production of other substances. The result is that the chemical work 
of the cells suffers an interference which results in abnormality. The 
temperature coefficients in these two cases seem to indicate that, at the 
temperatures which are normal for the animals concerned, the reactions 
which underlie cell division are chemical in character. They also indi- 
cate that, as the temperature is raised considerably above that which 
is normal for the animal, there is an interference with the chemical 
balance, possibly through the slow destruction of some cell catalyst, so 
that the increase in the rate of cleavage is much lessened. 

It should be further noted that the temperature changes need not be 
extreme to bring about very marked changes in the metabolic work of the 
cells. To bring the eggs of the sea urchin into an environment only a 
few degrees above the normal has been found to result in a peculiar type 
of abnormal development. Driesch has shown that a somewhat elevated 
temperature is responsible, with the eggs of Strongylocentrotus, for the 
formation of embryos in which the endoderm evaginates during the 
formation of the gut instead of invaginating in the normal way. A simi- 
lar observation has been made by the present author upon the eggs of 
Arbacia which were allowed to develop under conditions of somewhat 
elevated temperature. In the latter case, the exact temperature was not 
noted, though it was not much in excess of the normal. The eggs were 
developing upon the water table of the Marine Laboratory during a 
period of warm weather. 

Kellicott has called attention to the fact that his observations upon 
the development of the embryos of the minnow fundulus bear out 
Loeb^s statement that ^Hhe low temperature only retards the chemical 
reactions underlying development'^ to a certain point. Loeb had stated 
that a temperature of 0 to 2"^ would inhibit, or greatly retard, embryonic 
growth but that, when the eggs were again brought into a normal tem- 
perature, they would develop normally and would produce normal 
embryos. Kellicott found, with slightly higher temperatures than Loeb 
mentioned, that a very large percentage of the eggs developed abnormally 
and produced monsters of various sorts. Lillie and Knowlton had pre- 
viously found that the eggs of the frog Rana virescens develop abnormally, 
if at all, at 2 to Other influences than that of temperature are 

also known to produce comparable results. Mall has studied the fac- 
tors which influence the production of monsters among vertebrates and 
concluded that; ^^A monster is due to the influence of external sub- 
stances which retard the growth of the embryo, usually in one portion 
more than in another." Mall believed that some parts of the embryo 
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are More susceptible to experimental insults than others and that the 
total effect of the abnormal condition is to be explained upon the sup- 
position of a faulty nutrition of the embryo during development. Kelli- 
cott believed that ^^The causes underl 3 ring the abnormal development are 
to be sought in some derangement of the developmental mechanism or 
relations of the diverse components of the very early stages of the 
organism.^^ 

Kellicott found in his experimental material that there was much visi- 
ble modification in the appearance of the eggs subjected to unusual tem- 
peratures. While there were many cell nuclei which appeared to be 
normal, there were irregular, large and small, masses and fragments of 
nuclear material scattered about through the cytoplasmic portions of the 
eggs — and frequently there were no cell walls corresponding to these 
nuclear masses. The protoplasm had taken on the form of a syncytium. 
This is possibly an effect which is comparable with the syncytial condition 
found in eggs which have been treated with a slightly hj^pertonic solution. 
He found also: 



. . . masses of granular C 3 d;oplasm which somewhat resemble the material of 
the uncleaved germ disc, and masses of clearer, possibly protoplasmic, substance 
usually in the form of vacuoles which slightly resembled that mass of clear 
protoplasm which in normal development forms, for a brief period preceding 
cleavage, a lens-shaped disc on the lower side of the germ disc. 

Kellicott suggested that the cause of the abnormal development is to 
be found in a disturbance of the normal organization of the ovum, as 
expressed by the unusual characters and distributions of the differentiated 
materials of the egg protoplasm. It occurs to the present author that 
it may be possible to associate this modification of the distribution of 
cellular materials with the various physical and chemical processes of 
egg metabolism whose balance is disturbed by the marked change 
of temperature. 

4. Isolation of Blastomeres . — ^Attention already has been called to the 
fact that protoplasmic cells behave in accordance with the same laws 
that apply in the formation of systems of nonfusing drops of inorganic 
materials; they maintain their separate unfused condition only if there 
are between them walls of material which is insoluble in the substance of 
the drops or iii the surrounding medium. 

In some eggs, it is not easy to observe any such membranes surround- 
ing the cells; in. other cases they May very readily be seen. In the eggs 
of the starfish Asterias vulgaris appears to be, in the early-cleavage 
stages, a very complete separation i of the blastomeres from each other. 
Sometimes very narrow protoplasmic bridges are to be seen connecting 
one cell with another. 
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determines the distance by which the individual blastomeres may separ- 
ate from, each other appears to be the fertilization membrane. In other 
eggs there appears, as in Arbacia, to be a thin film of material lying around 
and between the blastomeres and which apparently serves to hold them 
together. This material is not soluble in sea water. In some of the 
echinoderms, it was found possible by Herbst to reduce the coherence 
of the cells for each other by placing them in sea water lacking in calcium. 
In these eggs the films dissolve and the blastomeres separate. A study 
of the development of such isolated blastomeres from the eggs of differ- 
ent animal groups has led to a general conclusion which has been stated 
by Przibram as follows : 

In different zones of the egg, different (chemical) substances are present 
which normally cause the differentiation of the various organs in their proper 
regions. If these substances become distributed elsewhere by cleavage, gastru- 
lation, and the later processes of differential growth, they produce the same effect 
in their new positions. If a reduction of the egg material, unaccompanied 
by a rearrangement of the various substances, is made, the prospective significance 
of the blastomeres leads to a self-differentiation of the reduced portions, whereby 
one-half, one-quarter, and one-eighth , . . forms arise; if, on the other hand, 
a rearrangement of the egg content is possible in such a way that all the sub- 
stances occupy the same positions with regard to each other as in the intact 
egg, perfect forms arise on a proportionally diminished scale; the prospective 
potency of such blastomeres is greater than their prospective significance. 

In some forms of animals, the separation of these organ-forming sub- 
stances and their distribution to definite blastomeres occurs at an earlier 
date than in other animals. In the eggs of some of the Annelida, Mol- 
lusca, Ctenophora, and Tunicata the separation takes place at an early 
date in the cleavage of the egg, if, indeed, it has not occurred before 
cleavage takes place at all. On the other hand, there is evidence that, 
in some of the Hydrozoa and in the Echinodermata, this separation and 
distribution may take place at a later date. It may be well to state here 
that recent experiments have thrown some doubt upon the earlier state- 
ments of Driesch and others to the effect that from a single blastomere of 
the egg of the sea urchin, in the eight-cell stage, a complete and normal 
embryo may arise. 

5. Effect of Variations in the Chemical Environment , — ^The egg must 
be thought of as a very heterogeneous system undergoing a series of 
changes under the influence of an external medium. For all marine forms 
the sea water serves as this medium. In animals living in fresh water, 
or which deposit the eggs in water, it serves as the medium. In animals 
which retain the eggs wdthin the body during development, the body 
fluids serve as the surrounding medium. These different environing 
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fluids appear to have suffered little modification^ even during quite 
extended periods of racial history. Each species of animal has come, 
therefore, to produce eggs which have the power to develop normally 
in its ovm particular type of medium. It must not be thought that there 
is here any conscious adaptation on the part of the animal to the environ- 
mentLJ conditions. It may be that, in embryonic development, only 
those eggs have lived which have been in close accord with their environ- 
ment, and other have perished. Whatever the cause, the result has 
been that there is a very close coordination between the egg and its 
environment. 

The effects of changes of the total concentration of substances present 
in the sea water have already been considered. It is now necessary to 
consider the effects of variations in the relative proportions of the chemi- 
cal constituents of the environing liquid. For this purpose, the sea water 
will be used as a type. The sea water is an exceedingly complex solution, 
containing about 3.5 per cent of various salts in solution. Between 85 
per cent and 90 per cent of these salts are ionized. The water itself is 
ionized to a slight extent (lO^^^N). It is, therefore, a solution of molecules 
and ions in water. Of these ions there are four electropositive (kations) 
(Na+, K+, Ca+"'') and four electronegative (anions) (Cl“", Br”, 

SO4 — , CO3 — ) which are most abundant and by most workers considered 
to be most important. There are also traces of N, Ph, I, Fe, Mn, Ag, etc. 
It can be readily understood that, in such a mixture as this, there are 
almost incalculable possibilities of chemical combination. A few of 
these possibilities are indicated in Fig. 18 (page 152). Inasmuch as there 
are many other molecules and. ions present in solution, the number of pos- 
sible combinations becomes immensely increased. The modifying effects 
of local conditions in restricted areas, such as the inflow of large amounts 
of fresh water from large rivers, the addition of large amounts of sewage 
with its bacterial life, variations in the oxygen supply due to the presence 
of large numbers of bacteria or to the presence of great quantities of 
green algae, variations in the carbon dioxide content of the air, etc., can 
well be imagined to have important effects upon the composition of the 
sea water as regards the embryonic development of many aquatic forms. 
Variations in the carbon dioxide content of the water would certainly 
lead to variations in the hydrogen-ion concentration, and might well 
come to be a determining factor in the life of many a marine organism. 

McClendon has shown that an artificial sea water may be synthesized 
as shown in Table 23 (page 154).; This solution, exposed to the air until 
it takes on the pH of the normal sea water, is a very close approximation 
to normal sea water, having the:saine salts in essentially the same con- 
centration. It is, therefore, to be considered as a balanced solution in 
the same sense as the blood or the lymph is to be so considered. 
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Since sea water is so complex it can be readily understood that it may 
easily become somewhat modified in its composition. These modifica- 
tions may have the effect of changing the relative amount of oxygen, 
carbon dioxide, sodium, potassium, magnesium, calcium, sulphate, etc., 
present at any time. It has been a matter of interest to experimental 
workers to discover, if possible, whether each or any of these constituents 
of the sea water may be considered to have specific effects. To do this 
it has been necessary to work with artificial solutions. Many of the early 
experiments were made by the use of Herbst^s formula for sea water: 


Tajble 74.— Heebst^s Sea Wateh 

NaCI. 3.0 per cent 

KCl 0.07 per cent 

MgCb 0.32 per cent 

MgS 04 . 0.26 per cent 

CaS 04 0.1 per cent 

CaHP 04 . • • • • in small quantities 

Ca 3 p 208 in small quantities 

CaCOg — in small quantities 

Pe 2 C 03 in small quantities 

Si in small quantities 

Br. in small quantities 

I in small quantities 

Later experiments have been made by the use of VanT Hoff^s formula 

Table 75. — Van^t Hoff's Solution 
100 cc M/2 NaCl 

7.8 cc M/2 MgCh 

3.8 cc M/2 MgS 04 

2.2 cc M/2 KCl 

1.5-2.0CC M/2 CaCh 

Trace M/2 NaHCOg 


This solution has proved to be a very useful one, partly because of the 
ease with which it can be handled. It is to be noted that it does not 
contain all the substances found either in McClendon's artificial sea water 
or in Herbst's solution. It was thought that a solution containing those 
substances which are present in the largest amounts, in approximately 
the concentrations in which they exist in the sea water, would serve the 
experimental needs. In general, this is probably true. For long-con- 
tinued experiments, how'^ever, it would seem to be wise to have the artifi- 
cial solution as nearly like the actual sea water as possible, with the 
exception of the single ion whose effect is under investigation. It may be 
that some of the substances which are found in the sea water in very small 
concentrations may yet be very important. If this shall prove to be true, 
it may be necessary to revise some of the findings of experimental embry- 
ologists because of the omission of these substances. 
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It is also possible that some of the effects which have been noted as 
specific effects of the various substances may prove not to be such, but 
rather be due to an interference with development at some particular 
phase of the process when the egg was more than normally sensitive 
to change in its environment and which might have been induced by some 
other factor as well as by the one employed. 

6. Effects of Oxygen, — The sea water normally contains oxygen in 
solution. The amount of oxygen which may be found in any given 
sample of sea water is subject to great variation because of local condi- 
tions. Such variations may be of a degree seriously to affect the normal 
respiratory processes of egg cells. Even before fertilization the egg is 
undergoing a slow oxidation. This rate of oxidation is greatly increased 
by normal fertilization or by the membrane-elevating processes of artifi- 
cial parthenogenesis. Following fertilization, there is a continuous 
demand upon the part of the egg or the growing embryo for a supply of 
oxygen. As the size and the activity of the embryo increase, the demand 
becomes more intense. The gradual solution of the egg membranes of 
unfertilized eggs in the water and the ensuing cytolysis of the eggs under 
conditions of insujBS.cient oxygen supply are matters of everyday experi- 
ence to workers in the field of experimental embryology. Such cytolysis 
may be retarded and the life of the eggs prolonged by submitting them to 
the action of very dilute solutions of potassium cyanide or to the action of 
hypertonic sea water. 

As an example may be mentioned the influence of oxygen upon the 
development of the sea urchin Paracentrotus lividus studied by Drastich. 
Three series of the eggs of this form were exposed in sea water in special 
vessels through which oxygen passed at different pressures, 10, 21, and 
110 per cent, kept constant. Eggs exposed to pure oxygen at first had 
development retarded a little more than control eggs. Development 
was continuously and irregularly retarded by lack of oxygen; tw’-o-cell 
stages were found along with morulas. On the other hand the plutei of 
control forms died on the fifth day for lack of oxygen; but the plutei 
exposed to pure oxygen lived 3 days longer, though they lost some vitality. 
The blastomeres, especially of blastulas and gastrulas under excess of 
oxygen, rounded up and finally broke away singly and in groups to form 
new smaller individuals. Raised temperature favored this action. Sec- 
tions of cultures of the same age confirmed these findings. 

Some eggs are able to develop under conditions of very limited oxygen 
supply. Such are the eggs of Ascaris su%m Goeze. The development 
of these eggs is unaffected by amount of oxygen present until it has been 
reduced to one-half or one-third that found normally in water exposed 
to air. At these reduced oxygen pressures, development does not cease 
entirely, but continues at a slower rate. Ascaris eggs in all stages of 
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development are able to use oxygen at extremely low concentrations, 
being able to use up completely all the oxygen present in their culture 
media. Although Ascaris eggs develop at a maximum rapidity at cer- 
tain temperatures, the oxygen consumed in their slower development at 
lower temperatures is the same as that used at the optimum temperature 
for development. 

It is not alone the eggs of the lower forms which are affected by 
variations in the oxygen supply. The eggs of the fish Ctenolabrus are 
what are known as pelagic eggs. They normally float at the surface 
of the water and so receive a generous supply of oxygen. If they are 
subjected to a reduced supply of oxygen, they behave somewhat as do 
the eggs of Arbacia in a hypertonic solution: They form many asters, 
and, upon being restored to normal sea water with its normal oxygen 
supply, they may divide into as many cells are there are asters present. 
The cell membranes apparently liquefy in the absence of oxygen. The 
effect is somewhat like the effect of the lack of calcium in so far as the 
membranes are concerned. Segmentation ordinarily does not go beyond 
the eight-cell stage. It is interesting to note in this connection that expo- 
sure to an excess of carbon dioxide is quickly fatal to these eggs. 

The minnow fuiidulus produces eggs which normally lie on the bottom 
(demersal eggs) and have a somewhat greater resistance to a reduced 
oxygen supply than have the eggs of Ctenolabrus. If they are exposed 
after fertilization to an atmosphere of hydrogen, they will continue to 
segment for a period of 24 hours but do not have the capacity to form 
embryos. The capacity of the eggs of fundulus to endure lack of oxygen 
decreases with development. Eggs which are just fertilized may continue 
for 4 days in lack of oxygen and at the end of that time, if returned to a 
normal environment, will continue to develop. This time is reduced 
to 24 hours for embryos which have developed to the point at which 
circulation is established before they are subjected to the adverse condi- 
tion. Carbon dioxide is quickly fatal. 

The eggs of the frog develop in the shallow water of fresh-water ponds. 
If the oxygen supply is reduced by as much as one-fourth of the atmos- 
pheric pressure, there is a high mortality of the eggs. If the reduction of 
the pressure is increased to one-half or one-fourth of the normal, death 
soon follows. Eggs of the frog placed in an atmosphere of hydrogen, 
nitrogen, or carbon dioxide show a retarded and very irregular segmenta- 
tion and development and die within a few hours. 

In the chick, it has been found that development is arrested or stopped 
if the ox3?'gen supply is reduced or cut off. Even a reduction of the 
atmospheric pressure to 600 mm, results in the production of small 
embryos, with abnormal medullary tubes, without optic vesicles or cranial 
flexure, and with no blood capillaries, although blood islands may be pres- 
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exit. An increase in oxygen results, in the chick, in a slightly accelerated 
but otherwise normal development. The most marked effect is that the 
skin of the embryo and all fetal membranes become very fully charged 
with hemoglobin and so very red in color. There is no question that there 
is a markedly increased consumption of oxygen during the incubation 
period and a corresponding production of carbon dioxide. The figures 
given, however, for the day-to-day oxygen consumption and carbon diox- 
ide production come so far short of forming an ideal curve that it seems 
best not to do more than mention the general mass effect. There is here 
an opportunity for much further investigation. 

7. The Role of Carbon Dioxide in Develop^nent — Accumulations of 
carbon dioxide about developing eggs seem to be very generally harmful. 
It has been well recognized for a long time by experimental workers that 
thick layers of eggs at the bottom of a culture dish render development 
very difficult. This may be due to the fact that there is in the thickened 
layer a lack of oxygen, or there may be the accumulation of carbon dioxide, 
or both effects may occur. It was shown experimentally, by Vernon, 
that echinoderm eggs subjected to an excess of carbon dioxide die very 
quickly. This was done by placing the eggs in a mixture of 80 per cent 
sea water plus 20 per cent sea water which had been saturated with carbon 
dioxide. Whether the death of the eggs in this solution was due simply 
to the increase in the hydrogen-ion concentration has not been shown. 
Similar effects have been found for the eggs of fundulus, Ctenolabrus, 
and of the frog. 

8. Effects of Sodium and Calcium , — An antagonism which exists 
between sodium and calcium has been pointed out in another connection 
in this work. Each of these substances alone has upon protoplasm a 
poisonous effect which may be neutralized wholly, or almost wholly, by 
a proper proportion of the other substance. It has already been seen 
how this antagonism shows itself in the activity of muscle. It appears 
also in the processes of development. If calcium be removed from sea 
water, there is a modification of the behavior of eggs developing therein. 
The cell envelopes are altered in such a way that the cells tend to fall 
apart. This has been referred to in the paragraphs dealing with the 
isolation of blastomeres. This alteration has been interpreted by some to 
mean that the sodium (possibly the potassium) of the sea water is 
responsible for breaking down the cohesion between the cells, and that the 
calcium is responsible for holding them together. The sodium of the 
sea water— nor of any body fluid so far as is known — cannot be replaced 
by lithium, rubidium, or cesium, although these elements are rather 
closely like sodium in their general characters. 

Calcium is, of course, essential, for skeletal formation. If the calcium 
is precipitated by sodium oxalate, embryos of the sea urchin may form 
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spherical plutei, but without skeletons. Calcium is also necessary for 
the formation of cilia. An excess of calcium may lead to the formation of 
very large cilia upon the larvae of many marine forms. 

9. Effects of Potasshm upon Development — Potassium is present in 
the sea water— and likewise in body fluids— in only a very small amount 
Notwithstanding this fact, there is a considerable accumulation o: 
potassium within the tissues of the organism. If the small amount 
of potassium which is normally found in sea water be omitted, the eggs c 
Echinus quickly die. The eggs of Sphaerechinus segment but form onty 
small and very turbid blastulae. This may be due to a lack of power of 
the cells to absorb “water, since potassium is known to be conducive to 
such absorption. 

Additions of small amounts of potassium chloride to sea water have 
very important effects upon the development of eggs therein. For 
example, the fertilized eggs of the worm Chaetopterus in an excess of 
potassium differentiate to the point of putting out cilia without under- 
going cleavage. The eggs of Echinus or Sphaerechinus in sea water to 
which has been added a small amount of potassium chloride (93 cc. sea 
water plus 7 cc. M/20 KCl) give rise to plutei “with nearly normal guts, 
rudimentary skeletons, and suppressed arms. Such embryos have a 
tendency to be somewhat sticky and may even fuse so as to produce 
double monsters. In sodium solutions and in lithium solutions similar 
effects upon echinoderm eggs are obtained, though the effects are some- 
what more exaggerated. Embryos grown in sodium or lithium solutions 
instead of forming normal gastrulae turn the endoderm outw^ard, thus 
forming what are known as exogastrulae. This is an effect comparable 
to that of heat, in certain cases. Such exogastrulae show an abundant 
ciliation, the skeleton structures are usually missing or greatly reduced, 
the embryonic arms arise in unusual positions and not in the normal 
numbers. Thus the symmetry of the organisms is disturbed. There is 
also an apparent decrease in the amount of ectodermal tissue. The 
degree to wdiicli this reduction takes place depends upon the period at 
wdiich tlie exposure to the experimental solution occurs. If the exposure 
occurs at the time when the differentiation into ectoderm and endoderm 
is just beginning, the effect is much more pronounced than if it occurs 
at some later period. This, again, indicates the possibility that inter- 
ference with some developmental phase rather than a specific chemical 
effect may be the cause of some of the facts observed. Herbst at first 
considered these abnormalities to be due to changes in osmotic conditions 
but later decided that they are due to the specific effects of salt employed. 

10. The Effect of the The suiphion is probably found in 

the sea water in combination with .sodium or magnesium. It appears to 
be indispensable for the proper development of echinoderm larvae, since 
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In its absence the larvae are not able to form normal plutei. It forms a 
natural eonstituent of the larval skeleton, probably in the form of calcium 
sulphate and so becomes essential to the proper development of that 
structure. It is also found to be necessary for the normal development 
of the intestine, those forms which are deprived of the sulphion having a 
straight and undivided gut instead of one which is divided and bent, and 
in Sphaerechinus the gut may be evaginated. The sulphion is also of 
importance in the formation of pigment and serves to prevent the 
hypertrophy of cilia in the larvae of Echinus, a process which is strongly 
promoted by an excess of calcium, 

11. Effects of Combinations of Salts . — very striking effect of modifica- 
tion of the external medium is seen in the results presented by Loeb on 
twin production. He found that if the eggs of Strongylocentrotus are 


fertilized in normal sea water and then placed in neutral solutions of: 

KCl plus GaCl 2 , or 
KCl plus NaCl, or 
NaCl plus CaCl 2 , or 

left for from to 1 hour after they have reached the two-cell stage, 
and then transferred to sea water, from 50 to 90 per cent of the embryos 
will produce twins. Here, of course, the normal balance of the mole- 
cules is very much upset, although the total concentration and, therefore, 
the osmotic pressure may be normal. 

Internal Factors of Development — There have been presented illus- 
trative examples of the influence of some of the external factors which may 
have a modifying or determining influence upon development. It now 
remains to say just a word concerning some of the internal factors which 
influence development. 

Much effort has been expended in the attempt to discover something 
of the nature of the internal factors, the method in which they operate, 
and the effects produced. Even now our knowledge concerning them is 
exceedingly fragmentary and almost wholly confined to the effects pro- 
duced. It must be confessed that there is no information as to the 
chemical nature of the substances involved or of the chemical reactions 
which occur as incidents in the direction of developmental processes. 
Some knowledge has been gained concerning the promorphology of the 
egg. It has been demonstrated that in many cases the egg is not a per- 
fectly homogeneous structure, any portion of which may give rise to any 
portion of an embryo, as has been claimed by some biologists. On the 
contrary, the egg is a very heterogeneous structure, and there have been 
found in the cytoplasms of some eggs certain substances, formative sub- 
stances^ whicAx represent, in a chemical way, certain differentiated regions 
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or structures of the embryo. So, with the eggs of some of the echmo- 
derms, it is possible, even before cleavage has occurred, to predict that 
ectoderm and structures arising from it will arise from that half of the egg 
extending from the animal pole nearly to the equator of the egg. Simi- 
larly, the endoderm and the structures to be derived from it will arise 
from the mass of material extending from the equatorial region to within 
a short distance of the vegetative pole. The mesogloea and the structures 
to be derived from it will arise from the material which forms the polar 
cap at the vegetative pole of the egg, 

Conklin has shown that in the egg of the ascidian Styela there are 
in the cytoplasm four or five kinds of substance, definitely arranged, 
and definitely distributed during the early cleavages^ each of which gives 
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Fig. 157. — Eggs of various animals showing patterns assumed by the materials which 
give rise to the various body regions. In the ctenophore, turbellarian, and echinoderm, 
the egg has undergone division, and the plasmas becoming ectoderm, mesoderm, and endo- 
derm are represented in clear white, crosshatching, and parallel rulings, respectively. In 
the ascidian egg two divisions have occurred, and several definitely arranged substances are 
distinguishable. (.After Conklin, 1915.) 

rise to a definite region of the embryo. He recognizes these substances 
by their color reactions after staining with hematoxylin and picric acid, 
though it is possible to determine their presence in the unstained, living 
egg, by close observation. Conklin has found that (Fig. 157): 

The yellow substance gives rise to muscle and mesoderm. 

The gray substance gives rise to nervous system and notocord. 

The slate-blue substance gives rise to endoderm. 

The colorless substance gives rise to ectoderm. 

It is possible by means of centrifugal force to give to these substances an 
abnormal stratified arrangement, for they have different specific gravities. 
Eggs in which the formative substances have been so stratified go through 
the cleavage stages, but do not produce normal embryos. Their organs 
are variously misplaced, depending upon the degree to which the forma- 
tive substances have been thrown out of their normal distribution. 

These cases cited, and others as well, point to the fact that the char- 
acteristics of general organization of an embryo depend upon the presence 
in the cytoplasm of definite formative substances. It should not be 
inferred that there are present in the egg at the onset of development all 
of the substances which may be needed in the direction of development. 
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It seems likely that, as cell divisions go on and as the chemical reactions 
characteristic of its kind occur in the embryo, there are from time to 
time produced here and there in the cells of the embryo substances which 
may influence the direction of development of nearby cells. As an 
example of this, the case referred to by McBride may be cited. In the 
larva of the sea urchin Echinus a single hydrocoele on the left side is 
formed during the normal development. The ectoderm lying adjacent 
to this rudiment of the water-vascular system becomes invaginated and 
forms a hollow sac, the amniotic sac. 

From the floor of this sac develop the adult nerve ring and spines. In the 
center of the floor an invagination is formed which gives rise to the adult mouth. 
From the peritoneal epithelium of the left coelomic sac, which lies beneath the 
hydrocoel, are developed the dental pockets and the teeth which project into 
them. 

But, occasionally, a second hydrocoel is developed which is situated on the 
right side of the larva. When this takes place the ectoderm of the right side 
of the body becomes invaginated to form a deep sac, from the floor of which a 
second nerve ring, a second set of adult spines, and a second mouth are developed, 
whilst the underlying peritoneal epithelium of the right coelomic sac gives rise to 
a second set of dental pockets. 

Now, although we have good reason to believe that the common free-swim- 
ming ancestor of all Echinoderms possessed two hydrocoels, yet it is as certain as 
an3?thing can be that this ancestor did not possess two mouths surrounded by 
nerve rings, nor did it have the highly differentiated spines and teeth of the 
Echinoid. The production of a second hydrocoel is probably an ancestral 
reminiscence, but the production of these other organs cannot possibly be so 
explained. 

The only conclusion, therefore, that we can draw is that, in the natural 
development of Echinus, the hydrocoel emits a hormone which caused the ecto- 
derm to form the amniotic invagination, and which caused the left coelomic 
vesicle to give rise to the dental pockets. It follows further that particular 
portions of ectoderm and of coelomic wall are not specialized so that they alone 
can undergo these modifications, but that any portion of the ectoderm and any 
portion of the coelomic waU can undergo similar modifications, provided that 
they are acted upon by the appropriate hormone, as is shown by the effect 
of the right hydrocoel upon the right coelomic sac and on the ectoderm of the 
right side. Development is then a kind of progressive specialization, due to the 
influence of one organ on another by means of hormones. 

A somewhat similar instance is that of the influence of the optic cup, 
in the embryo of a salamander, in bringing about the development of the 
lens. The lens arises from the ectoderm which normally covers the optic 
cup, which is itself derived from an outgrowth of the forebrain. If 
the original ectoderm be removed from its position over the optic cup 
just before the time when differentiation of a lens would normally occur 
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and there be substituted for it ectoderm taken from any other region 
of the body, the final result is the same. It makes no difference from 
what portion of the body the ectoderm is taken, a lens will be formed, 
provided the substitution is made at the appropriate time. Also, the 
rudiment of the optic, cup may be dissected out from its normal position 
and be grafted into the body at almost any position. The ectoderm 
covering the cup always forms a lens. This can be satisfactory explained 
03ily upon the hormone hypothesis. 

The Chromosomes. — second group of chemical agents which are of 
the utmost importance in development are the chromosomes contained 
within the nucleus of the egg. Knowledge of these structures is very 
limited in spite of the vast amount of labor which has been expended 
upon them. Something is known of their number, size, shape, staining 
properties, behavior in mitosis. It is also known that they are primarily 
responsible for the determination of sex and of the details of biparental 
inheritance. Nothing is known of their chemical nature as individuals, 
but from their effects it is judged that they must differ from each other 
chemically. There is no information as to the manner in which any 
parental character is transmitted from cell to cell. There is evidence that 
the various determiners of characters occupy definite positions upon defi- 
nite chromosomes. In fact, the evidence along this line is so definite that 
Morgan and his associates have mapped the location of 125 or more char- 
acters upon four chromosomes of Drosophila (Fig. 158). This figure is 
introduced simply as evidence of the fact that hereditary transmission 
involves, as its instrument, the use of a well-established chemical frame- 
work. It is impossible here to go into details of inheritance through 
the medium of the chromosomes. That is a problem for another course. 

Developmental Determinism in Echinoderms. — According to our 
present understanding the processes of development involve at least two 
sets of factors: 

1. Genetic or hereditary, 

2. Environmental. 

Physicochemical status of environing liquid habitat. Chemical 
organizers located in egg before fertilization or produced later 
within egg or developing embryo as the result of chemical activ- 
ity — of the nature of endocrine substances. 

That is to say, the normal development, which involves the activities 
of germinal determiners, takes place so far as each developing cell is con- 
cerned, under the influence of these extragenetic, or extrachromosomal 
chemical conditions. It represents the resultant of a long series of inter- 
actions between these two great categories of factors. We know a little 
concerning the role of chromosomes in development, though we know 
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nothing of the ways by which they bring about their effects. Investi- 
gators have long suspected, in germ cells, the existence of other substances, 
to which such terms have been applied as organ-forming substance, 
organizers, etc. Investigations as to the existence and potencies of these 
are among the most difficult in the whole range of biology. 

The general question of “determinism” in the development of echino- 
derm eggs has been studied extensively by various investigators. One 
of the most recent workers in this field is Sven Horstadius who attempted 
to analyze the forces directing the development of Paracentrotus lividus 
Lk. He employed a method by which he could divide the ripe unfer- 
tilized egg or the fertilized unsegmented egg in any desired plane, using 
the pigment layer of the vegetative half of the egg as a guide in orienta- 
tion. He reports that the animal halves show equal segmentation, the 
vegetative halves the same type as a normal egg, although on a smaller 
scale, with 8 mesomeres, 4 macromeres, and 4 mieromeres. Meridional 
halves give J^-segmentation (8 -h 4 -f 4 blastomeres in 16-cell stage; 
the 8-cell stage consists of 8 equal cells), %- and ^-segmentation type 
(4 _j_ 2 -f- 2, i.e., 2 macromeres and 2 mieromeres already in the 8-cell 
stage, as in the half of a normal 16-cell stage) in a progressive series from 
fertilization onwards. 

The type of cleavage depends on the following factors: (1) Because of 
a change in the cytoplasm, the spindles, which at the first divisions were 
equatorial, at the third division lie in a meridional direction (Boveri). 
(2) Only the vegetative half is able to form mieromeres. (3) The power 
of forming mieromeres is latent until some hours after fertilization, when 
it then becomes active. Normally cleavage and determination (here, 
the activation of the vegetative cytoplasm and the change in direction of 
the spindles) coincide in a certain way. A “dislocation in time ” between 
segmentation and determination can be obtained through lower osmotic 
pressure or mechanical injury. Then or 34-segmentation types occur 
among half eggs and 34 or types or types with premature mieromeres 
(vorzeitige Mikromeren, Driesch), among whole eggs. The first cleavage 
plane in Paracentrotus is usually either median or frontal; in Astropecten 
it can exceptionally be also equatorial. In Asterina both the first furrow 
and the slit-like blastopore appear in the frontal plane. The entrance 
point of the sperm does not influence the plane of the first furrow. 

Isolated presumptive ectoderm (equals about the animal half) of 
early stages of Paracentrotus develops into a blastula with big apical 
plates but shows no other differentiation (Dawrblastula). Thxis the 
early isolated animal half cannot gastrulate and can form neither sto- 
madeum nor ciliated bands. But animal halves isolated after the forma- 
tion of the primary mesenchyme can differentiate both stomadeum and 
ciliated bands. Thus these potencies are at this time activated in the 
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animal half through interactioa with the vegetative materiaL An iso- 
lated vegetative half develops into an ovoid larva with a very defective 
skeleton and with no mouth, ciliated bands, or arms. Thus the presump- 
tive entoderm can by regulation form an ectodermal, low epithelium but 
no mouth, no apical plate, no ciliated bands, and it cannot induce the 
skeletal spines. At the closure of an open half blastula, obtained 
from an isolated blastomere, the most animal point meets the most 
vegetative. 

Invagination begins at the most vegetative point, but only vegeta- 
tive material (presumptive entoderm) is invaginated. The different 
regions both of the presumptive ectoderm and the presumptive entoderm 
are used in an atypical way, although the limits between presumptive 
ectoderm and entoderm are not passed. The original egg axis is parallel 
with the axis of the small larva. In spite of the difference in invagina- 
tion, the small larvae from isolated meridional halves develop at the same 
speed as normal larvae, as long as they are radiate. But the first trace 
of bilaterality is delayed about 24 hours among the small larvae. 

A method was found to transplant halves of early cleavage stages: 
8-cell stages were put into calcium-free sea water, cut into two halves, 
and then laid in small pits in a photographic film placed on the bottom 
of a dish of normal sea water. A small glass ball was placed on top of 
the two halves in each pit, its pressure tending to help the halves to unite. 
A meridional half and a vegetative half were brought together, forming 
a larva with surplus of presumptive ectoderm. It developed into a 
symmetrical larva; a part of the presumptive ectoderm turned into 
entoderm. From this experiment and also from the above-mentioned 
isolation of animal halves at different stages, it is concluded that the 
vegetative half acts as an organizer. But presumptive ectoderm turns 
into entoderm only when there is relatively too much ectoderm, A half 
organizer can organize material corresponding in size to a whole larva, 
a complete organizer (equals a vegetative half) can organize a larva that 
is 50 per cent bigger than normal. The animal half of the ripe sea urchin 
egg is omnipotent as to differentiation but impotent as to organization. 
The vegetative half is omnipotent as organizer but only pluripotent as 
regards differentiation potencies. During development the organizing 
power, but only some of its potencies, spreads also the animal half; then 
at a certain stage (see above) an isolated animal half, that earlier devel- 
oped only into a blastula, now forms stomadeum and ciliated bands. 
The organizing potencies, which reach the animal half, thus have limited 
qualities: Although the animal material is omnipotent as to differentia- 
tion (because it can form also entoderm, etc., when too little entoderm is 
at hand), an isolated animal half of the late gastrula can form only sto- 
madeum, ciliated bands, and arms* At cleavage stages the animal or 
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the vegetative (organizer) half was rotated through 180®; thus the polarity 
was inverted, but, nevertheless, a typical larva developed, although 
obtained in an atypical way. Differentiated organs, however, in inverted 
position keep their individuality and cannot fuse. At different levels 
along the egg axis were found different qualities (see above) ; nevertheless, 
the animal half can, at early stages, be inverted; at later, differentiated 
stages, polarity is fixed and no inversion is possible. Besides the animal- 
vegetative polarity, there exists a strong radial polarity that cannot be 
inverted. Parallel axes are not necessary to obtain a single pluteus of 
two fused Meridional halves. The axes may form an angle of 0 to 90®, 
and still a single larva can result. The following results were obtained 
mth. Astropecten aurantiacus L., Asterina gibhosa Forbes, and Holothuria 
poK delle Chiaje. Left halves of larvae show, as to asymmetry, pre- 
ponderance of the left side. Right halves of Astropecten and Asterina 
can develop either a left or a right hydrocoele (hydropore) or both a left 
and a right hydrocoele (hydropore). As a cause of the asymmetry it is 
suggested that there are two gradients, one from left to right, and one 
from right to left. Their relative strength determines whether a right 
or a left half develops a left or a right, or two hydrocoeles. The coelomic 
sac of one side may be removed. A new coelomic sac can regenerate 
not only from the mesoderm of the other side, but also from the ectoderm 
(Astropecten, Holothuria), from the entoderm (Astropecten, Holothuria), 
and from the mesenchyme. The limits of the germ layers are thus passed. 
This phenomenon also means a new differentiation of already differen- 
tiated cells. 

Developmental Determinism in Amphibia. — ^Two groups of investi- 
gators, Harrison and his associates at Yale and Spemann and his asso- 
ciates at Freiburg, have made most significant additions to our knowledge 
and understanding of the phenomena of regulation and determinism in 
amphibian development. 

It had been shown by Vogt that in the amphibian egg it is possible 
to stain vitally a desired spot upon an egg and then to follow the history 
and migrations of that portion of the egg to its final location in the embryo. 
Many such studies have made it possible to map the different regions of 
the egg with reference to their part in the building of the future animal. 
The egg, therefore, appears to have a mosaic structure, in the sense that 
definite groups of embryonic cells are destined to form specific organs. 
It was found, further, that by subjecting different portions of an egg to 
different temperatures, the portion of the egg at the higher temperature 
developed the more rapidly, and apparently in complete independence 
of the part at the lower temperature. 

The method of subjecting a developing egg to local injuries has also 
been used with much success. Each injured embryo shows later some 
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organic deficiency corresponding to the area of presnmptive organ pri- 
media destroyed. Observations made as a result of these two general 
methods have served to give information concerning the geography of 
the amphibian egg, but they leave untouched the nature of the forces or 
substances involved in the determination of development. 

In order to investigate the inherent potencies of celts and the possible 
effects of chemical organizers upon developing cells, three types of trans- 
plantation experiments have been devised: 

1. Homeoplastic transplantation, in which a portion of embryonic 
tissue is taken from its normal position and transplanted into a new 
location in the same embryo. 

2* Heteroplastic transplantation, in which portions of an embryo 
are transplanted into another embryo of the same species— but frequently 
of different age. 

3. Xenoplastic transplantation, in which embryonic portions are 
transplanted into embryos of a foreign species or genus. 

Other series of experiments involved transplantations of small por- 
tions of developing ectoderm, entoderm, or mesoderm from their normal 
positions in an embryo into new environmental conditions of another 
(usually older) embryo. In these cases the transplanted fragments do 
not follow their normal course but give rise to structures quite different 
from those which they were originally destined to become. In their 
development they have been subjected to the overpowering influence of 
the older and more differentiated tissues about them. When such trans- 
plants are allowed to develop in vitro in salt solution, it is found that 
ectoderm produces only ectodermal structures, and only mesodermal 
structures arise from mesoderm. 

The nature of the causes of normal embryological development has 
been the question before Spemann in his brilliant experimental work. 
He experimented with the amphibian Triton, the eggs of which vary in 
color shading, making transplants from an embryo of one color shade 
into an embryo of a different shade. It was thus possible to follow the 
developmental history of the transplanted pieces with little danger of 
confusion. Especially has it been possible in the case of xenoplastic 
transplantations to secure evidence concerning the activities of organizers. 
They are not, apparently, responsible for the minute details of develop- 
ment but act in a more general mamier, transforming transplanted tissue 
into that characteristic of the region into which the transplant is made. 
Induction seems to be chiefly an organization into regions. In cases of 
the transplantation of large pieceSy it sometimes happens that the inertia 
of the reacting material is stronger than that of the host. 
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Bernard, Claude. 404, 615, 616 
Beroe, 426, 427 
nerve net, 561, 562 
Bert, Paul, 231. 274 
Bertbold, 419, 615 
Bertrand, 300 
Betbe, 561, 596, 604 
Bbatia, 426 
Bialaszewicz, 641 

Bicarbonate, significance in blood, 162 

Bidder, 364 

Biedermann, 306, 691 

Binet, 696 

Biocatalyst, 298 

Bioelements, 68, 69 

Biogen hypothesis, 71 

Biogen molecule, 71 

Biogenesis, 637 

Biology an observational science, 2 
Biotic energy, 11, 98 
Birge and Juday, 246 
Biuret reaction, 37 
Blastomeres, isolation of, 674 
Blateila, blood, 117 
Blepbarisma, 66 
Blood, 105 

amount of hemoglobin in, 130 
arterial and venous, 160 
Ascidia, 117 
Blateila, 117 
buffers, 160, 161 
of invertebrates, 144 
carbon dioxide tension in fish, 165 
chemical composition, 142 
coagulation, 165#. 
cockroach, 117 
compared with urine, 509 
depr^ion of freezing point, 61 
disease-resisting functions, 177 
fish, buffer capacity, 287 
frog, 169 

coagulation, 170 
functions of, 106 

Hydrophilus, 117 . 

insecta, 116 


Cephalopoda, 111 
sipunculid worms, 111 
Cryptobranchus, 119 
Daphnia, 112 
irritability, 112 
lamellibranch, 116 
moUusk, 115 
number in insects, 116 
red, structure, 119 
role in digestion, 113 

Blood corpuscles, amoebocytes of Crustacea, 114 
Arbacia, 110 
number in blood, 130 
pH, 160 

thigmocytes, 114 
Blood gases, pike, 287 

Blood pigments, absorption spectra, facing 126 
Blood platelets, 123, 172 
Blood pressure, 191-194 
capillary, 194 
Blood serum, pH, 160 
Blood sinuses, 190 
Blood sugar, 404 
invertebrate, 144, 146 
regulation, 146 
and starvation, 145 
Blue blood. 136 
Bodensee, 249 
Bodme, 67 

Body fluid, circulation of, 179 
conservation of, 167 
correspondences with sea water, 146 
Echinodermata, buffering power, 108, 109 
relative concentration of salts, 150 
Body surface, Du Bois’s formula, 416 
Meeh’s formula, 414 
white rats, 416 

Body temperature, Amphibia, 411 
bees, 411 

in hibernation, 410 
nervous control, 410, 413 
snakes, 411 

and that of environment, 208 
various animals, 408 
Bohr, Nils, 8 
Bombyx, 184, 274 
respiration, 272 
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Bordeu^ De, 615 
Botazsd, 231, 487 
BotryoidaX tissuee, 490 
Bovard,. 591* 692 
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Boyle’s Law, 44, 246 
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neryons system, 696H300 
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Brownian movement, 21, 64, 420 

Brown-Sequard, 615 
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Butos of blood, 160, 161 
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Bundle of His. 204 
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Carbon dioxide, produced in absence of oxygen, 
261 

removal by contractile Yacuole, 471 
role in plant metabolism, 341 
transport in blood, 160, 161 
Carbon dioxide production, by ganglion cells of 
limulus heart, '223 . 
lateral line nerve, 537 
Carbon dioxide regulation, 280 
Carbon equilibrium, 401 
' Carbon monoxide hemoglobin,,. 127 . 

Carcinus, 167, 498ir 606 
gill surface,, 267 ' ' ■ ■ 

Cardioregulator nerves, 228-231 ' : 

■ invertebrates, 225 
vertebrates, '232 , ,■ 

Cardium, blood cells, 115 
corpuscle agglutinationt:' 166'> 

Carlson, 222, 227, 326 
Carlson and Fry, 232 
Carman and Mitchell, 415 
Caro, L., 36 
Carter, 248, 364 
control of ciliary action, 426 
Casein, 397 


Caddis fly, tracheal gills, 271 
Calanus, feeding movements, 377 
Calcium, effect, on development, 680 
on heart beat, 217 
on oxygen use by heart, 207 
importance in blood, 167 
role in blood coagulation, 172 
Calcium chloride, needed for heart action, 213 
Caliophora, 178 
Calliburces, frog cilia, 432 
Cancer, 167 
gill surface, 267 
Capillaries, 189 
diffusion from, 194 
functions of, 194 
nerve control, 197 
of nictitating membrane, 197 
number, in muscle tissues, 196 
tonus of, 197 
value to organism, 195 
vasomotor control, 198 
Capillary blood pressure, 194 
and lymph formation, 195 
Capitella, hemoglobin, 132 
CapitelHdae, xymogens, 376 
Carbohemoglobin, 127, 135 
Carbohydrate digestion, 312 
- , ' . turtle, 382 

Carbohydrate metabolism of animals, 403 , , 

, , ; Carbohydrates, 31 ^ • 

commonly ingested by animals, 4P4 
Carbon cycle, 341 ■ . ' - 

Carbon dioxide, amoxmt on earth, 341 
a condition for life, 06 : . , 

effects, on development# 680 , 

upon fish, 286 

' ' upon May fly laiwae, 270 ' ' / ' 

of fish blood, 

, in invertebrate. blob^f 164 


molecular weight, 36 
Cash, 389 

Castration, effects in Crustacea, 634 
Catabolism, 77 
vs. anaboHsm, 401 
Catalysis, scheme of, 295 
Catalysts, characterization of, 296 
mode of action, 296 
Catalyzers, 295 
Cathode, 16 
Cations, 16 
Cattefl, 646 

Caudina, body fiuid, 109 
erythrocytes, 109 
respiration, 268 
Celakowsky, 353, 364 
CeU, 81#, 

and body surfaces, 415 
Cell division, 90 
colloidal phenomena, 92 
role of oxygen in, 93 
sol and gel reveres, 61 
CeU fibrin, 167 
Cell membrane, S3 
Cell structure, 81 
Cells, absorptive, of hydra, 370 
colloidal systems, 12 
energy transformers; 12 
secretory, of hydra, 370 
Cellular differentiation, 84 
directions of, 86 
Cellular interactions, 84 
Cellular modifications, 87 
Cs^ulase, Bankia, 320 
CeUulose, 32, 404 
’ food, for roaches, 339 
for termites, 338, 339 
, Central inhibition, 564 : 

Cemiraliaation, nerves, 670 
0entroobinus, lunar periodicity, 646 
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OeiitrosoHie, 90, 

.Cephalinprotem, 172 
Cephaliaation, nenrous, §70 
Gephalopoda, colored blood cells, 111 
endocrine action, 6S5 
'Cepbalotbrix, nephridia, 484 
Cerebral ganglia, functions of, 589 
Cerfontaine, 683, 584 

Cbaetogaster, chemical reaction of stomach, 37^6 
Chaetopterus, respiration, 2S1 
Chain reactions, in secretion, 329, 330; 
■Chalkey,'68 
Chambers, 68-61 ■ 
observations upon cells, 60 
Chambers and Dawson, 438 
Chapeaux, 367 , ' ' 

Ohara, streaming movements, 418 
Charles’s law, 246 
Cheese, 19 

Cheirocephalus, hemoglobin in, 134 
Chemical composition, protoplasm, 70 
Chemical cycles, 340 
Chemical regulation, heart action, 233 
Chemical sense neurons, 658 
Chemical stimulation, oyster spawning, 646 
Chemoreeeptors, 629 
earthworm, 674 

Chironomus, compared with Culex, 271 
hemoglobin in, 134 
use of hemoglobin by, 134 
Chloragogen cells, 489 

Chlorophyll, relation to oxygen content of water, 
249 

Chloroplasts, 71 
Cholinesterase, 526 
Chorda tympani nerve, secretion, '326 
Chortophaga, breathing rate, 279 
Chromaffin cells, 627 

Chromatophores, influenced by endocrines, 636 
movements in Loligo, 441 
Chromoproteins, 126 
Chromosome map. Drosophila, 686 
Chromosomes, 92, 685 
Chronaxie, 201, 606 
and conduction rate, 203 
effects of drugs, 463 
muscle, 453 
nerve, 633 
various tissues, 203 
Chronotropic, 233 
Churchill, 200 
Cilia, 88 

compared with muscle, 434 
effects, of calcium, 436 
of external conditions, 430 
of hydrogen and hydroxyl ions, 430, 431 
ef ions, 429-431 
of osmotic pressure, 436 
of oacygea, 433 ' 

of temperature, 482, 433 . . , : 

in oyster, 380 ' ' ■ - 

, frog, 432 ■ - ; : 

rate of beat shown by stroboscope, 
role, in circulation in worms, 180 , 
in food eoUectlon in oyster, , I - : r] 


Cilia, work done, by, 428. 429 
by oyster, 429 

Ciliary action, control mechanisms, 426 
reversal of, 437 
structural basis, 424, 426 
Ciliary movement, 423-439 
Ciliated ceUs, irritability, 428 
Circulating colloids, 31 
Circulating media, classification of, 105 
Coelenterata, 108 
Echinodermata, 108 
need for, 104 
Circulation, 179#. 
correlated with excretion, 480 
course of, lung fish, 188 
mammal, 1^ 
salamander, 188 
Selachian, 188 
frog, 192 

gastrovascular, 369 
historical statement, 189 
protozoa, 179 
role of cilia, 180 
sponges, ISO 
water in sponges, 361 
Circulatory mechanisms, 179 
Circulatory system (see Vascular apparatus) 
CiteUus tridecexnlineatus, 290 
Clark, 213 

Clavella, hemoglobin, 134 

Cleavage, 666, 667 

Cleveland, 254, 338, 339 

Cloeon, important nerve centers, 613, 614 

Clostridium, 343 

Clowes, 656 

Clupea, 286 

Qymene, 671 

Coagulation, blood, 166#. 

zoological significance, 169 
frog, 170 
mammalian, 170 
Cockchafer, .178 
Cockroach, blood, 117 
effect of oxygen on intestinal protozoa, 265 
place of food absorption, 377 
respiration, 280 

Coefl&cient of absorption of gas, 246 
Coelenterata, cdrculating fluid, 108 
excretion, 473 
nervous mechanisms, 669 
Coelomic fluid, EiMnodermata, 108 
Ooexrzymes, 303 
Cohn, 294 

effect of hydrogen ion upon spermatozoa, 432 
Cohnheim, 386 

Cold-blooded ammals, temperatures of, 167 
Collar cells, sponges, role m nutrition, 864 ^ 
CoHe,216 
Collip, 50, 166 

Collision, chance of, a factor in phagocyto^, 176 
Colloid osmotic pressure, 200 . , 

OoHoidal condition, essential for life, 97 
Colloidal particles, sizes of , 28 
■ Coll<4dal'scft,' i$ \ , 
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CoBoids,i8 

circtalating, 37 

combinations with other substance®, 27 

endoceilular, 31 

extraceEuiar, 31 

interstitial, 31 

molecular weights, 29 

of physiological interest, 30, 31 

synthetic power, 12 

Color changes, hormone action in Dixippus, 635 
Color control, fish and tree frog, 440 
Colpidium, culture medium for, 337 
gas exchange, 264 
reaction of digestive vacuole, 304 
respiration, 254 

Columnar ceEs, pianaria, 372, 373 
Comparative physiology, 2 
aims, 4 

Complete balance experiments, 402 
Compound substances, 9 
Concentration point, 224 
Concrement gland, 496 
Condiments, 328 

Conduction, earthworm, number of segments, 
692 

Conduction rate and chronaxia, 203 
Conductivity, 76, 204 
electrical, of ceUs, 62 
Congericola, hemoglobin, 134 
Conklin, 683 
Consciousness, 79 
Contact digestion, Alcyonaria, 371 
Coelenterata, 368 
Contact receptors, 629 
ContractEe ceUs, sponges, 442 
ContractEe elements, distribution in animal 
kingdom, 441jf. 

ContractEe movements, 438 
ContractEe vacuole, 63 
ciliate protozoa, 469 
elimination of carbon dioxide, 470 
mode of operation, 472 
pulsation rates, 471 
real structure, 470 
ContractEity, 76 
heart muscle, 204 
Contracture, 461 

Conversion table, percentage to molecular con- 
centration, 156 
pH to Ch, 158, 169 
Convoluted tubxEes, function, 508 
Coordination, adjustment, and regulation, 613j|f, 
Copepods, feeding movements, 377 
hemoglobin, 134 

Copper, amount in various bloods, 139 
Corethra, important nerve centers, 613, 614 
Corpuscles, explosive, 113, 167 ; 

Cortin, general effects, 626 
Corydalis, motor and sensory tracts, 501 . 

nervous system, 596, 600, 601 

Crab heart, effects of salt solutions, 2X4 
Crabsi respiratory surface, 266, 267 


Crangon, effects of camphor on nervous system, 
622 ^ 

Crawford, 417 

Crayfish, automatic nervous system, 603 
experiments upon nerve cord, 605, 606 
inhibition in claw muscle, 653, 654 
nervous system, 603 
oxygen consumption, 267 
Creatine, 495 

Creatine-phosphoric acid, 463 
Creatinine, 496 
Creation, 10 
Crepidula, 427 
Crew, 274 

Crop, fat absorption in Periplaneta, 378 
Crossed extension reflex, 564 
Crozier, 211, 226 
Crustacea, blood corpuscles, 112 
double circulation, 134 
hemoglobin in, 134 
respiration, 265-267 
vascular apparatus, 183, 184 
Cryoscopy, 60 
Cryptobranchus, blood, 119 
Cryptocercus, 339 

Cryptochiton, cardioregulator nerves, 228, 229 
Crystalline style, 266, 379 
Crystalloidal solutions, 15 
CrystaEoids and coUoids compared, 18 
Ctenolabrus, effects of oxygen upon development, 
679 

Cuenot, 133, 136, 139, 487, 490 
Culex, breathing, 270 

compared with Chironomus, 271 
Cumingia, spawning, 647 
Cunningham, 389 
Curarization, chronaxie, 454 
Cushny, 508 
Cuvier, 112 
Cycles, carbon, 341 
chemical, in nature, 340 
food, 351 
nitrogen, 342 
oxygen, 342 
phosphorus, 344 
water, 340 

Cyclops, resistance to lack of oxygen, 252 
Cystein, 397 
Cytoplasm, 83 
structure, 59 
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Dahlgren and Kepner, 105, 181, 449 
Dale and Thacker, 218 
Dalton, John, 6 
Daphnia, hemoglobin in, 134 
mid-gut functions, 376 
rcEe, of blood cells in digestion, 113 
of hepatopancreas, 377 
Dawson, 677, 594 
Deaminization, 400 
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Decerebrate rigidity, S54 • ' 

Deficiency diseases, '347 
Defimte proportions, law, 13 
Dehydrolysis, 346 
Delage, 667, 661 
Democritus, 6 
DeMoor, 202, 234 
Dendrites, 624 , . 

Dendrocoela, digestive tract, 372 
Depression of freezing point, 142 ■, 

Development, effects, of carbon dioxide, 680 
of combinations of salts, 682 
of molecules and ions, 676 
. of oxygen, 678 
.of potassium, 681 
of pressure, 669 
of sodium and calcium, 680 
of sulphion, 681 
of temperature, 670 

of variations in chemical environment, 676 
external factors, 649, 669 
factors involved, 648 
formative substances, 682 
hazards of, 664 

influence of osmotic pressure, 669 
internal, 665 
internal factors, 648, 682 
isolation of blastomeres, 674 
a series of reactions, 668 
temperature coefficient, 672 
Developmental determinism, amphibia, 689, 690 
echinoderms, 685, 686 

Developmental hazards, physiological evasions 
of, 666 

De Waele, 252 
Dextrin, 32, 404 
Diabetes, 616 
Dialysis, 65 

Diaptomus, feeding movements, 377 
Diastase, 297 

Didinium, effects of feeding and starvation, 360 
nitrogenous wastes, 470 
Diemyctylus, 208 

Diet, nitrogen free, of termites, 338 
Differentiation, cellular, 84 
directions of, 86 ^ 

Diffusion, 42 
constant, oxygen, 293 
gases, 42 

oxygen, into deep waters, 249, 250 
in lung, 293 
pressure, 42 

Digestion, actinians, 366 
Aicyonaria, 371 
amoeba, 356 
Aurelia, 368 
cockroach, 377, 378 
cold-blooded animals, 381 
contact, Coelenterata, 368 
Crustacea, 376 

Echinodermata, 380 

effects of parasitism, 374, 375 , 


Digestion, hydroids, 370 
intracellular, 304, 306, 365, 367 
medusa, 367 
peptic, 305, 306, 363 
in protozoa, 303 
scorpion, 378, 379 
planaria, 372 
Platyhelminthes, 371 
siphonophores, 367 
starch, 312, 354, 367 
tr3^tic, 306 
and ereptic, 306 
worms, 371 
and Coelenterata, 372 
Digestion rate, seasonal effect, 381 
Digestive activity of different organs, 317 
Digestive glands, Porpita, 369 
Velella, 369 

Digestive vacuoles, reaction of, 304 
Diplodinium, 617 

Diplopods, homostrophic reflex, 696 
Disaccharides, 404 

Disease, role of blood in resisting, 177 
Dispersed system, 18 
Dissociation, 16 
degree of, 17 
fish blood, 286. 287 
types of, 17 

Dissolved organic matter, food for marine 
animals, 361~364 
Distomum, digestion, 372 
Division of labor, 84 
Dixippus, respiratory centers, 279 
Dominance, cerebral, in earthworm, 588 
head, factors involved, 688, 589 
Donnan equilibrium, 39 
Dragonfly, metabolism, 407 
Drastich, 406, 678 
Drew, 116, 166 
Driesch, 673 
Drinke, 200 
Dromotropic, 233 
Drugs, 616 

Dual control of body functions, 236 
Du Bois, 414 
Dubrunfaut, 297 
Du Buy, 546 
Du Claux, 273 
Dujardin, 126 
Durham, 476, 477 
Dust cloud, 19 
Dwarfism, 629 
Dye, 640 
Dysek, 289 
D 3 d;isous, blood, 116 
respiration, 270, 274 

Earthworm, autonomic nervous system, 694 
Bovard*^s studies* 691 
central nervous system, 677 

chemoreoeptors, 674 
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Earthworm, drowned, 261 
ganglion cells, 680 
giant fibers, 680-682 
hemo^obin, use, 261 
and marine worm compared, 690 
; nerve rings, 677 
nervous system, 676 
peripheral nerve, 677 
receptor organs, 672 
respiration, 260 

structure of ventral ganglion, 583, 584 
subepidermal nerve plexus, 576 
ventral nerve cord, 676j^. 

Bchinarachnius, artificial parthenogenesis, 662 
Echinoderra eggs, respiration, 291 
Bchinodermata, cUiation, 180 
circulating media, 108 
developmental determinism, 685 
digestion, 380 
food habits, 380 
modes of excretion, 475 
nervous receptors, 665 
nervous system, 564-568 
nitrogenous excreta, 478 
oral branchiae, 476 
respiratory papillae, 475 
respiratory tree, 475, 476 
Echinus, 93 

efiects cl formative substances in development, 
684 


Endooeliular colloids, 31 
Endoderm, hydroid, phagocytic, 371 
Endocrine glands, 6 i4jf. 

conditioned by vitamins, 360 
Endocrine secretions, of invertebrates, 634, 636 
nature of, 616 
properties of, 617 
role of, 617, 618 
Endocrine system, 513 

Endocrines, experiment on invertebrates, 635 
Endogenous cell division, 638 
Endoplasm, 68 
Endothelial cells, 181 
Energetics, 10 
Energy, 10 
biotic, 11, 98 
conversion, 11 
kinetic, 11 

law of conservation of, 13 
manifestation of electricity, 11 
potential, 11 
transformation, 94 
transformers, 12 
Englemann, 356 
Entoneural system, 666 
Enriques, 232 
Enzyme, 298 
Enzyme action, 6 

Enzymes, action on carbohydrates, 312, 317 
activators of, 302 


pH of food masses, 320 
Ectoenzymes, 298 
Eotoneural system, 664 
Ectoplasm, 68, 83 
Edestin, adequate for growth, 397 
molecular weight, 36 
Edkins, 327 
Edwards, 546 
Efferent neurons, 524 
Egg cell, essential components, 640 
highly si>ecialized, 639 
mechanism, for cell division, 640 

for sorting and distributing hereditary 
determiners, 640 
Egg masses, 665 
Egg and sperm shedding, 645 
Ehrenberg, 353 
Elastic tube system, 198 
Elasticity of protoplasm, 66 
Electrical charges of particles, 21 
Electrical conductivity, protoplasm, 66 
Electricity, basis of matter and energy, IX 
Electrolytes, 16 

Electron, and atom, 6, 7 

. Elementis, atomic numbers, 70 . . 

Eleocytcs, 111 , 

Emulsion, 15, 19 

; ' Emulsions_ and emulaoidB, iwropertiest : 


bees, 379 
as catalysts, 297 
Caudina, 320 
characteristics, 299 
chemical nature, 300 
classification of, 313, 314 
cockroach, 378 
diastatio, sponges, 366 
and digestion, 295 

distribution in animal kingdom, 314-316 

double constitution of, 300 

energy transformers, 12 

evolution of, 32 

general properties, 301 

invertebrate, 318 

proteolytic, Paramecium, 359 

B.oaf% studies on activity of, 318 

specificity of, 309 

sponges, 365 

synthetic, 312 

turtle, 382 

universal occurrence, 320 
Eosinophil cells, Ligia, 114 
Eosinophil corpuscles, MoUusca, 115 
Equilibrium, carbon, 401 
nitrogen, 401 

Erepsin, optimum pH for digestion, 307 
Erman, 136 

Eryrthrocytes, amphibian, 119 
Caudina, 109 
evolution, 120 
mammalian, structure, 119 
sizes and numbers, 118 
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.Etihereal iribratioas, range' of, 527 
Ethyl butyrate, digestion of, 311 
Euglena, 406 

relation to oxygen content of water, 248 
Eu^obxilin, molecular weight, 35 
Eupagurus, excretion, 498 
Euplotes, 66 

pulsation rate of contractile vacuole, 471 
, Evasion, 831 

Evolution, conservation of germinal material, 666 
internal development, 666 
: Ewart, 419 ' ' ' 

.'Exact sciences, 2 . ■ 

' Excretion, 468 
' 'aglomerular kidneys, 601 ' 
amoeba, 469 
amphibia, 602 
Arenicola, 493 ' 

arrangement of organs among worms, 481 

chick embryos, 612 

Coelenterata, 473 

correlated with circulation, 480 

Crustacea, 496#. 

crystal formation in protozoa, 472 
Echinodermata, 475 
endodermal, in Porpita, 474 
and evolution, 610#. 
fat bodies, 499 
frog, 602 

fundamental nature of structure involved, 479 
glandular, in Hydromedusae and Disco-* 
medusae, 474 
holocrine, 488 
holothurians, 476 
intestine, 499 
intracellular, 476 
localized, 474 
Malpighian tubes, 499 
merocrine, 488 
mid-gut gland, 498 
Moliusca, 494, 495 
murexide test in protozoa, 473 
picric acid by amoeba, 470 
protozoa, 469 

rate of, among worms, 486, 487 
Rhodnius, 600 

role of resorption amcmg worms, 479 
skin, 498 
sponges, 473 
storage, 473 

in Aloyonium, 473 
superficial intracellular, 473 
types of filtering mechanisms, 481 
worms, 479#. 

Excretophore cells, chemical nature of contents, 

Excretophore substances, fate of, 490 
Excretophores, worms, 489 
Excretory organ, a filtering mechanism, 479 
regulators of water content of body, 468 
Excretory pigments, 496 
Excretory surfaces, arrangement of, 482, 48$ 

ISkplosive corpuscles, 113, 167 ■ ;; ■ 




External developmental factors, 648, 649 
Exteroceptors, 629 
Extracellular colloids, 31 
Extravasal excretophores, 489 


Facilitation, 633 

Factors involved in development, 648 
False aquatics, 270 
Fat, 33 

fuel value, 406 
general formula, 33 
utilization in body, 406 
Fat absorption, cockroach, 389 
Diemyctylus, 389 
earthworm, 391, 392 
emulsification, 388 
fatty acids and glycerin©, 388 
frog, 389, 392 
historical statement, 389 
soaps, 388, 393 

Fat bodies, waste accumulations, 499 
Fat digestion, and absorption, 390 
amoeba, 367 
planaria, 373 

Fatigue, effect of lactic acid, 462 
in reflex, 662 
striated muscle, 461 
Fenn, 176, 635 
Fermentation, alcoholic, 298 
Ferments, 297 

organized and unorganized, 297 
Fertilization, 649-668 
agglutination, 652 
aster-forming substance, 668 
block to, 656 
coEoidal change, 667 
corrective factor, 657 
cortical cytolysis, 657 
cross- and self-, 651 
decrease in diameter of egg, 653 
effect, of hydrogen ion, 653 
of low temperature, 653 
fertilizm reaction, 668 
heat production, 659 
increase in oxidations, 652, 669 
increased permeability of membrane, t 
Just’s summary, 658 
latent period, 662 
Lillie’s analysis, 651, 662 
membrane elevation, 652 
number of sperm required, 668, 669 
penetration, 662 
physical change, 662 
reaction, 662 
theoricffl of, 666 
viscosity change, 667 
Fertilization membrane, 660 
Field, M., 200 

Fibrillation, heart muscle, 204 
Fibrin, cell, of Astacus, 168 
crystal formation, 172 
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Fibrini molecular weight, 35 
Fibrinogen, 172 
Fidele, 426 

Filtration, role in kidney action, 608 
Final pathway, 649 
Fischer, 63, 467. 661 

Fish, ability to remove oxygen from water, 285 
breathing, 284 
oxygen requirements, 283 
susceptibility to carbon dioxide, 285 
Piske and Boyden, 611 
Fission, 638 
FlageBa, 87 

Flame cell, flatworm, 482 
Flame chamber, 482 
Fletcher, 463 

Fluid medium, ancestry of, 141 
freezing-point determination, 141 
physical and chemical characteristics, 141 
Foam, 19 
Fog, 19 

Food, nature of, demanded by animals, 305 
water as, 345 
Food cycles, 361 

Food materials, utilization in body, 396 
Food supply, elements demanded, 336 
Food taking, infusoria, 358 
Paramecium, 358 
sponges, 364 
VorticeHa, 358 
Food-taking habits, 360 

Food vacuoles, amoeba, staining reactions, 366 
myxomycetes, reactions, 363 
Foods, average composition, 69 
classification of, 345 
complexity of, 336 
inorganic salts, 347 
of protozoa, 337 
purpose of, 345 
Forbes, 647 

Forces acting upon organism, 516, 616 

Form and function, 84 

Formative substances, 682 

Formica, functions of mushroom body, 613 

Fortuyn, 684 

Foster, Michael, 71 

Fox, H. M., 645 

Fraenkel, 282 

Fredericq, 136, 201, 231, 365, 366, 606 
Fredericq and Carrey, 202 
Freezing point and osmotic pressure, 49 
Friedemann, 368 
Friedlander, 583, 691 
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earthworm, 575#. 

operation of, 587, 688 
Echinodermata, 664 
honeybee, 610, 611 
insect, functions of parts, 613, 614 
invertebrate, chemical differentiation in, 622 
ladder-type, 597, 611 
need for, 614 
worms, 569#. 
and leeches, 571, 672 
Neurite, 624 
Neurofibrils, 524 
Neurohumors, 626 

Neuromotor apparatus, 423, 424, 626 

■■■ '"protozoa, 442 ' ■ ■ 

Neuromuscular apparatus, 516 

Neuromusculoepitheliai cells, 442 

Neuron, basic unit of earthworm nervous system, 

types of migration of cell body, 567, 66$ 
Neuron theory, 522 . ; , 

Neurons, chemical sense, 55$ , . 

olfactory, 658 , 

rolee in nervous system, 524 


by dissolved organic matter, 361 

economy of, 406 

protozoa, 351 

purpose of, 336 

sponges, 361 


Observational sciences, 2 
Octopus, carbon dioxide in blood, 166 
Odonata, tracheal system, 281 
Olfactory neurons, 568 
Oligochaeta, blood corpuscles, 111 
body fluids, 111 
coelomic fluids, 111 
eleocytes, 111 

hemolymph, 111 , ! 

vascular system, 111 
OniscuB, respiration, 266 
Oppenheimer, 234 

Opsanus, kidneys, 501 ^ 

Opsonin, 174, 177 
Oral branchiae, 475 
Organ-forming substances, 675 
Organic compounds, carbon, 10 
vs. inorganic, 10 
Organisms, aerobes, 250 

forces acting upon, 615 
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Osborne and Mendel, 397 
Osmometer, 46 
Osmosis, 43 

applications in physiology, 65 
Osmotic pressure, 44 
bloods and sea water, 146 
colloids, 29 
determination, 45 
effects upon development, 669 
explanation, 45 

relation to depression of freezing point, 49 
resting and fatigued muscle, 462, 463 
tissues, 51 
Ovary, 633 

Ovoid gland, excretory function, 478 
Oxalated plasma, 172 
Oxidases, 242, 417 
Oxidation, physiological, 416, 417 
Oxygen, amount, absorbed by different bloods, 
140 

related to kind of food substance oxidized, 
■ .242 , 

in Black Sea, 250 

carrying power of hemoglobin and hemooyanin, 
140 

a condition for life, 96 
in deep waters, 249 
diffusion constant, 293 
effect of lack of, on nerve, 534 
effects upon intestinal protozoa, 255 
fatal in high concentration, 254 
intramolecular, 464 
need for, 240 

relation to economy in nutrition, 406 
role in heart action, 204-207 
solubility in water, 124, 125 
time required for diffusion, 248 
Oxygen absorption and tension, 245, 246 
Oxygen consumption, crayfish, 267 
dependent on concentration, 257 
determined by oxygen tension, 258 
during development, 266, 292 
indeperxdent of concentration in certain forms, 
257 

Homarus, 257, 258 
lateral line nerve of dogfish, 635 
luminous bacteria, 265 
Nereis, 267, 268 

Paramecium, 471 
Planorbis, 266 

related to oxygen concentration, 257 
Oxygen cycle, 342 

Oxygen intake, role of respiratory epithelium, 293 
Oxygen pressure, effects of variations in, 262 , 
Oxygen requirements, fish, 283 
and temperature, 284 
tench, 282 

Oxygen tension in tissues, 282 
Oxyhemoglobin, 127 
, dissociation, 128, 129 
Oxytricha, 65 

Oyster, gills as food collectors, 379 
spawning, 646 
role of temperature, 646 


Pacemaker of heart, 224 
Pachyrina, 186 
Palaemon, 167 
vascular apparatus, 183 
Palp, Anodonta, 521 
Palinurus, carbon dioxide in blood, 165 
cardioregulator nerves, 232 
Paludina, 135 

Pancreas, an endocrine gland, 632 
Paphia, crystailine style, 266 
Paracentrotus, effects of oxygen on development, 
678 

nitrogenous excreta, 478 
oxidations in eggs of, 291 
Paraglycogen, 405 
Paramecium, 66 

carbon dioxide production, 263 
chooses food, 360 
contractile vacuole, 469 
heat coagulation, 64 
neuromotor apparatus, 517 
nitrogenous wastes, 470 
oxygen consumption, 471 
potential power of cell division, 666 
pulsation rate of contractile vacuole, 471 
reaction of digestive vacuole, 304 
respiration, 255, 256 
viscosity, 64 
Paramylum, 406 

Parasitism, effect upon digestion, 374 
Parathyrin, 631 
Parathyroid glands, 630, 631 
effects of removal, 631 

Parker, G. H., 180, 197, 198, 361, 437, 518, 521, 
624, 637, 557, 558, 664 
Parsons, 164 

Parthenogenesis, aphids, 664 
natural, 663 
Partial pressure, 245 
Paateur, 297, 298, 637 
Patten, 608 

Patten and Kedenbaugh, 607 
Pavlov, 304, 326 
Pavlovsky, 378 
Pearl, 608 
Pecten, 227 
muscle, 441 

two kinds of muscle fibers, 445 
Pei-Sung Tang, 291 
Pekelharing, 365 
Pelomyxa, 354, 357 
Pehnatula, 661 
Pentosans, 32 

Pepsin, isoelectric point, 300 
scorpion, 378 
Peptic digestion, 305 
myxomycetes, 363 
Peptic enzymes, sponges, 365 

Pericardial gland, 495, 496 
Period, of maturation, 642 
of ihultiplication, germ ceils, 642 
. bf reat and growth, germ cells, 642 
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Peripheral inhibitioa, 653 
Peripheral resistance, 191, 199 
Periplaneta, 280 
■digestion, 377' ':■ 

■ heart, 226 

Peristalsis, mid-gut of Daphnia, 376 
Permeability, 6 ' ' 
and absorption, 386 
direct determination, 64 
■, , factors influencing, 63 , 

' gut' wall of Holothuria, 380, 381 ' 

Traube’s conception, 53 
Peroderma, 84 
Peters, 337, 463 
Pettenkofer, 241 
Pettenkofer and Voit, 272 
Pfeffer, 44 
Pfliiger, 260 
pH, 168 

blood serum, 160 
body fluids, 169 

digestive juices of cockroach, 378 
limits for frog heart action, 218 
Phagocytic cells, role in excretion, 491 
Phagocytosis, 6, 166, 173 
effect of temperature upon, 177 
mouse, 387 

role in absorption, 386 
Phallusia, blood, 117 
Phascolosoma, 180 
Phase, continuous, 16 
dispersed, 15 
reversals, 61 

Phases, gland cell restitution, 329 
of protoplasmic structure, 59 
Phenol, 688 
Phoronis, 132 
Fhosphagen, 463 

evolutionary significance, 464 
Phosphate, essential for growth, 338 
Phosphorus cycle, 344 
Photoreceptors, earthworm, 573 
Photosynthesis, 100 
Phycocyanin, molecular weight, 35 
Physcosoma, endocrine gland, 635 
Physical change in egg fertilization, 661 
Physics, related to nerve and muscle action, 6 
Physiological dominance, worms, 673 
Physiological oxidation, 416, 417 
Physiological point of view, 1 
Physiological properties, muscle, 438 
Physiologically balanced solution, 163, 216 
Physiology, aim, according to Loeb, 6 
according to Verworn, 6 
classified, 2 
comparative, 2 
defined, 1 
general, 2 
racial, 3 

relations, to other biological sciences, 3 
to physical sciences, 4 

special, 2 

Pigment cells, 439 


Pike, blood gases, 287 
respiratory intensity and body surface, 283 
Pineal gland, 632 
Pinna, 127 

Pinnaglobin, chemical composition, 126, 127 
Pisaster, 66 
Pitocin, 629 
Pitressin, 629 
Pituitary gland, 628 
effects, on muscles, 630 
of removal, 630 
hormones, 628, 629 
Pituitary hormones, functions, 629 
Placenta, 634 
Flanaria, digestion, 372 
effect of chemical composition of diet, 374 
oxygen consumption, 269 
Planarian worm, nervous system, 669 
Plank, Max, 8 

Plankton, food for animals, 351 
Planorbis, hemoglobin, 133, 134 
Plant, 390 

Platyhelminthes, 371 
digestive system, 371 
vascular apparatus, 110 
Plasma, Octopus, 109 
Sipunculus, 109 
tunicates, 109 

Platynereis, low temperature on fertilization, 663 

Plexus, nerve of Rhizostoma, 662 

PoiHlosmotic fluid, 607 

Poikilothermous animals, 208, 407, 408 

Point of view, physiological, 1 

Poisons, secretion of, 328 

Polarity, nervous organization, 669 

Poll and Sommer, 628 

Polyehaeta, vascular system, 111 

Polymorphonuclear leucocytes, 176 

Polyphemus moth, cardioregulator nerves, 232 

Polysaccharides, 404 

Polyspermy, 656 

Pomeroy, 198 

Ponder, shape of red corpuscles, 120 
Porcellio, respiration, 266 
Porchet, 177 

Porpita, digestive glands, 369 
excretion, 474 
Portunus, 167 
Position receptors, 629 
positive electron, 7 
Positron, 7 
Potamobius, 145 
Potamonantes, 267 

Potassium, effect on heart action, 213, 217 
effects upon development, 681 
importance in blood, 167 
Potential reproductive power, 666 
Powers, 286, 286, 289 
Pratt, Fraulein, 371, 473 
Pressure, cohesive, 45 
depth, 46 

effects upon development, 669 
external, 46 
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Priestly, 241 
Proenzymes,': 299'' 

Prof erments,; 302 
Progestin, 633, 634 
Prolactin, 628 
Prolan A, 628 
Prolan B, 628 
Promorpkology of egg, 682 
Propagated disturbance, 643 ■ 

Proprioceptors, 630' 

Protein crystals, 130 

Protein digestion, tryptic, among protozoa, 309 
Protein f oods, adequate and inadequate, 397 
specific dynamic action, 413 
Protein molecule, size, 34 
structure of, 34, 306 
synthesis, 310 
Proteins, 33 
biological value, 400 
chemical properties, 36, 37 
classification of, 37 
coagulation temperature, 34 
colloidal behavior, 38 
color teats, 37 
denatured, 34 

molecular weights, 34, 35, 306 
percentage composition, 34, 398, 399 
physical properties, 34 
size of molecules, 36, 36 
Proteolytic actions, immunity to, 303 
Prothrombin, 172 
Proton, 7 
Protoneurons, 518 
Protoplasm, biff, 
anabolism, 72 
catabolism, 72 
catalytic agents, 73 
chemical composition, 72 
colloidal character, 63 
conductivity, 76 
contractility, 66 
cyclic changes, 72 
diagnostic characteristics, 72 
effects of chemical agents, 65 
elasticity, 66 

electrical conductivity, 65 
heterogeneous system, 72 
hydrogen-ioxi concentration, 66 
liquefaction, 64 
metabolism, 72 
physical properties, 64 
physiological properties, 73 
solidification, 65 

viscosity, 64 
water content, 68 - 

Protozoa, excretion by crystal formation, 472 
feeding experiments upon, 353 
food needed by, 337 

effects of oxygen upon intestinal, 255 , > 

intestinal, killed by heat, 339 
neuromuscular apparatus, 442, 516 
nitrogenous wastes, 470 
nutrition of, 351 


Pseudoglobuiin, molecular weight, 35 

Pseudopodia, 87 

Punkauhstanz^ bOZ 

Purkinje, 67 

Putter, 331, 362, 363 

Pyloric caeca, pH, 320 

Q 

Qio,209 
Quanta, 8 

Quartz particles, phagocytosis of, 174 
Quatrefages, 126, 132 

' ' R,' , ' ' 

Rachford, 389 

Rana, digestion rate, 381 

Ranvier, 466 

Rapkine and Wurmser, 67 
Rate of transmission, earthworm nerve cord, 692 
worms, 693 

Reactions, earthworm and marine worm, 690 
R4aumur, 274 

Reception, conduction, and storage of impulses, 88 
Receptors, circulatory sensations, 630 
classes of, 628 
limitations of, 528 
respiratory sensations, 530 
sexual sensations, 530 
visceral pain, 630 
Reciprocal inhibition, 654 
Antedon, 668 

Reciprocal innervation, 591 
Red blood cells, invertebrate, 121 
Red corpuscle, evolution, 120 
Red gland, 287 
Reduced hemoglobin, 127 
Rees, 517 
Reflex, 649 
afterdischarge, 551 
crossed extension, 664 
fatigue, 552 
homostrophic, 695, 596 
inhibition of, 563 
irreversibility, 651 
rate of conduction in, 650 
reinforcement, 553 
summation, 551 

of propagated disturbances, 561 
variability of threshold, 552 
Reflex arc, hydroid polyp, 559 
rate of conduction, 550 
Reflex mechanism, ^9 
Refractory period, 546 5 

heart, 202, 203 
Regnard and Blanchard, 134 
Regnault and Riset, 241, 272 
Rehburg, 196 
Reichert and Brown, 130 
Reinforcement, 563 

Relative refractory period, 643 . 

Beneira, intracellular excretion, 473 
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•Eennase, 321 ' , 

Eeproduction, 89, 637jf. 
asexual, 638 
fundamental types, 638 
series of phenoznena, 639 
sexual, 639 
type of behavior, 648 
. Reproductive power, aphids, 667 
Resorption, 6 
Eesorptive cells, 323 
■Respiration, 240#. ' ■ ■ 

■■■ aerobic, ,250' , ■ 

: anaerobic, 250' ■' 

■■ ■ Anodonta,"262 . ' 

■ , aquatic animals", 282', 

Arbacia eggs, 255 
■ Asellus, 265 
bees, 281 
Bombyx, 272 
Oaudina, 268 
Chaetopterus, 261 
Coipidium, 264 
Crustacea, 265-267 
crystalline style, role of, 266 
diving beetles, 274 
Dsrtiscus, 274 
earthworm, 260 
echinoderm eggs, 291 
effects, of cyanide upon, 262 
of lowered oxygen pressure, 262 
external, 240 
flatworms, 269 

function of rate of diffusion, 268 
grasshopper, 276 
hibernating animals, 289 
historical statement, 241 
insects, 268 
internal, 240 
intestinal worms, 261 
Ligia, 266 
Loligo, 268 

lower animals at different temperatures. 290 

lower land animals, 272 

mosquito, 270 

mud“dwelling forms, 261 

Mya, 263, 264 

Mytilus, 262 

Oniscus, 266 

organs of, 243 

Orthoptera, 275#. 

Paramecium, 256 
Planorbis, 266 
Porcellio, 266 

regulation of, in Helix, 263 

relation to body surface, 283 

role of hydrogen ion, 294 

scorpion, 282 

single ceU, 255 ' 

sperm cells, 644 

true aquatics, 270, 271 

types of structures involved, 244 

various animal groups, 266 

Respiratory centers', Aeschiaa*, 


Respiratory enasrme, 262 

Respiratory epithelium, role in oxygen intake, 293 
Respiratory mechanism, limulus, control, 609* 610 
Respiratory medium, water as, 246 
Respiratory papillae, 109, 244, 476 
Respiratory proteins, 126 
Respiratory quotient, 242 
sugar diet, 406 

Respiratory rate, Melanopius, 279 
Respiratory rhythm and sugar absorption, 286 
Respiratory surface. Cancer, 267 
Garcinus, 267 

Respiratory tree, 244, 476, 476 
Response, 74 

Rest and growth, period of, 642 
Restitution, in secretion, 330 
Rete mirabile, 287 

Reticular theory of protoplasmic structure, 67 

Reticulotermes, 338, 339 

Retzius, 198, 672, 678, 683, 596 

Reversal of heartbeat, 184 

Rhabdocoela, digestive tract, 372 

Rheobase, 201 

Rhizopoda, food of, 352 

Rhizostoma, nerve plexus, 662 

Rhythmic action, inherent in muscle waBs, 226 

Rhythmicity, 78 

Rijiand, 202, 234 

Ringer’s solution, 166, 166, 307 

Roach, cellulose diet, 339 

Roaf, 318, 319 

Rod canal, 486 

Rogers, 216 

Rosa, 241 

Boatratus, 167 

Rouget cells, 111, 196, 197 

Rubenstein, 428 

Rubner, 241, 402, 415 

Rutherford, 7 

■■■' S. ■ 

SabeUa, 126 
Sach’s rule, 667 

Salamander, course of circulation, 188 
Salamandra, experiments on nutrition, 406 
Salmon, 286 

Salt content, bloods and sea water, 147 
Salts, relative concentration in bloods, 152, 163 
Sanford, 389 

Saxidomus, crystalline style, 266 

Sayle, 407 

Schilling, 389 

Schneider, 618, 619 

Schultz, 477 

Schtltz law, 319 

Sciences, observational and exact. 2 
Scorpion, amylase, 378 ' 
respiration, 282 
Scott, 141, 462 
Scott and KeBicott, 292 
Scratch reflex, 651 
Sea, ionic phase of, 161 
Sea water, animated, 346 
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Sea water, circulating jQuid, 180 
correspondences with, blood, 146 
McClendon’s, 154 
Secretion, 323 
and absorption, 88 
appetite, 326 

changes of permeability, 334 
chemical stimulation, 327 
cytolysis, 327 
extrusion, 333, 334 
gastric cells, 334 
gland cell restitution, 329 
Golgi field, 333 
granule formation, 331, 333 
Helix, mid-gut, 330 
holocrine, 329 
how induced, 326 
kinds of substances, 328 
merocrine, 328 
monophasic, 329 
mouse pancreas, 332 
period of discharge, 329 
phases, 329 
polyphasic, 329 
prosecretion granules, 331, 333 
psychical, 326 
reception of material, 331 
result of nervous stimulation, 326 
rhythmic cycle, 329 
role of mitochondria, 333 
sign of irritability, 325 
special case of excretion, 331 
Secretogogues, 328 
Secretory cells, 323 
Secretory fibers, 326 
Segmental ganglia, 588 
Selachian, course of circulation, 188 
Selection, factor in secretion, 323 
Sepia, hemocyanin analysis, 138 
Serpula, 127 

Serum albumin, molecular weight, 35 
Serum globulin, molecular weight, 35 
Sex hormones, removal by castration, Crustacea, 
634 

Sexual reproduction, 639 
Sharp, 442, 517 
Sharpey-Schafer, 236 
Shedding, eggs and sperm, 645 
Shell glands, 497 
Shen, 546 

Sherrington, 197, 554 
Shull, 664 

Sicyonia, experiments upon, 606 
functions of higher ganglia, 606 
Sinoauricular node, 224 
Sinuses, 198 
Siphostoma, 126 
Siphonophores, digestion, 367 
Sipunculids, colored blood cells, 111 
Sipunculus, oxygen consumption, 257 

Smallwood and Bogers, 539, 540 

Smith and Clowes, 656 . . 

adductor muscle of bivalve mollusks, 4^ ; 


Smooth muscle, effects of pH, 447, 448 
energetics of snail muscle, 447 
heat production, 446, 447 
Pecten, 445 ' ■ 

physiological characteristics, 444 
tetanus and tonus, 444 
twitch and tetanus, 444 
two modes of operation, 444 
vertebrates, 445 
Snail, respiration, 262, 263 
Snail muscle, energetics of, 447 
Snakes, body temperature, 411 
Snodgrass, 187 
Snyder, 236, 237 

Sodium, effects on development, 680 
importance in blood, 156 
Sodium fluoride, effect on frog spindle cells, 169 
Sodium standstill, 217 
Sol. 15, 19 
Solenensis, 135 
Solenocytes, 488 
Solid solution, 19 
Sols and gels, 20 
Solute, 14 
Solutions, 14/. 
classification, 16 
colloidal, 15 
crystalloidal, 16 
defined, 14 
electrolytic, 16 
Fuhner's, 165 
GothUn’s, 166 
Locke’s, 165 
Mines ’s, 166 
Binger’s, 166 
solid, 14 
Tyrode’s, 165 
Van’t Hoff’s, 164 
Solvent, 14 

S0rensen, nomenclature, 158 
Sorg. 272 

Sound receptors, 629 
Spallanzani, 272 
Spallita, 293 

Spawning, oysters, chemical stimulation, 646 
Pecten, lunar periodicity, 647 
Special physiology, 2 
Specific nerve energies, 530 
Spemann, 689 
Sperm cells, longevity, 644 
respiratory activity, 644 
Spermatozoa, types of, 643, 644 
Spheroides, respiratory rhythm, 285 
Spherule cells, Insecta, 116 
Spherules, Arbacia, 110 
types in blood corpuscles, llO 
Spindle cells, 169 
Spinosella, 180, 361 
Spiracles, grasshopper, functions, 276 
Spirographis, 126 
Spirogyra, 67 
Spiros<‘omum, 66 
nitrogenous wastes, 470 
Sponges, enzymes, 366 
excretion, 473 
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Sponges, food taking, 364 
nutrition of, 361 

receptor-effector raeckanism, 657 
water circulation, 361 
Spontaneity, 77, 201 
Sporulation, 638 
Squid, color control, 441 
Squinado, 167 
Staircase contractions, 467 
effects of oxygen, 458 
Stanley 'Kent' node, 224 : ' 

Starch, 31 
'digestion, 312 

myxomyoetes, 354 
Starfish, afterdischarge, 666 
conduction of impulses, 566 
nervous reactions, 666 

reaction dependent upon nature of stimulus, 666 
reciprocal inhibition, 566 
response not stereotyped, 666 
righting movements, 667, 668 
summation of stimuli, 666 
Starling, 238, 327 
Starling and Visscher, 207 
Steiner, 225 
Stentor, 65 

Sterilization m fertilization, 652 

Stigmata, role in respiration of cockroach, 280 

Stimuli, 74 

Storage excretion, 473, 477 
Stough, 580, 681 
Stout, SO 
Strassburger, 67 

Streaming movements, egg cytoplasm, 661 
theories of, 418, 419 
Striated muscle, 448#. 
action, 453 
all-or-none law, 460 
anisotropic substance, 449 
chemistry of contraction, 463 
chronaxie, 463 
contraction, forms of, 454 
contracture, 461 
effect of lack of oxygen, 462 
effects, of protein disintegration products, 462 
of temperature, 456 
elasticity and extensibility, 452 
fatigue, 461 
fibriliae, 448, 449 
heat production, 463-465 
insect, Corydalis, 461 
isotropic substance, 449 
lactic acid and heat liberation, 464 
latent period, 455 
lobster, 450 

osmotic pressure of resting and fatigued muscle, 
462, 463 

red and white, 466, 467 
refractory phase, 459 
sarcoiemma, 448, 449 
sarcoplasm, 448, 449 
sarcostyle, 448, 449 

staircase contraction, 457 ' , 

structure, 448-452 
summation of contractions, 458 


Striated muscle, tetanus, 458, 459 
tonicity, 457 
twitch, 464 

voluntary contraction of tetanic type, 460 
Strongylocentrotus, 93 
digestive enzymes, 381 
Strontium, effect on heart action, 217 
Strychnine, 588 

Styela, promorphology of egg, 683 
Stylotella, 180 
Sugar, fuel value, 406 
functions in animal body, 406, 616 
Sulphion, effects on development, 681 
Summation, in reflex, 551 
Superficial intracellular excretion, 473 
Surface tension, 26 

role in adhesiveness of blood cells, 177 
Suspension, 16 

Suspensions and suspensoids, 31 
Suspensoid, electrical charges of particles, 21 
Svedburg, The, 35 
Swammerdam, 132 
Swarming, physiological causes, 646 
Swezy, 442 

Swimbladder, fishes, 287 
functions, 288 

Sycotypus, cardioregulator nerves, 229 
Symbiosis, algae and flatworms, 372 
Convoluta and Zoochlorelia, 372 
termites and protozoa, 339 
Sympathetic nerve, in secretion, 326 
Sympathetic nervous system, Corydalis, 600 
Sympathin, 526 
Synapse, 518, 525 
multiple, 683 
Synaptic membrane, 526 
Synaptic nervous system, 618 
Syncytium, 84 

Synthesis, factor in secretion, 323, 331, 333 
Synthetic enzymes, 312 
System, 18 

T 

Tait, 113, 186 
Tapes, 227 
Tashiro, 636 
Taylor, 442, 517 
Taurine, 495 
Tawara, node of, 204 
Teichman’s test, 132 

Temperature, body related to environment, 208 
coefficient and characteristic, 212 
effect, on development, 670-672 
on heart of Periplaneta, 225 
on oxygen content of water, 247 
on rate of heart, 208 
on reptilian heart, 211 
maintenance of high, 79 
of sea and animals, 157 
variation in man, 409 
Temperature characteristic, 209, 210 
, of oxygen consumption, 279 
Temperature coefficient, 209 
heart action, 209 
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Temperattire coefficient» latent period of frog 
muscle, 457 
Hmulus heart, 223 
rate of cleavage, 672 
refractory period of nerve, 647 
Temperature; receptors, 529 
Temperature regulation, body mass and body 
surface, 414 
imperfect, 410 

Tench, oxygen requirement, 282 
respiratory intensity and body surface, 283 
Tension, gas, 246 
Terebelia, 127 

Terminal cell, flat worm excretory organ, 481 
Termites, symbiotic protozoa of, 339 
Termopsis, ,338 
Testicular hormone, 634 
Testis, 634 

Tetanus, rate of stimulation needed for, 460 
TetheKn, 628 
Theelin, 633 

Thermocardiograms, 236 
Thermodynamics, laws of, 13 
Thigmoeyte, 172, 175 
coagulation, 168 
Thirst receptors, 629 
Thomas, 400 
Thomson, 352 

Threshold of stimulation, 201, 530 
Threshold bodies, 610 
Thrombin, 168 
Thrombocytes, 123, 172 
Thrombogen, 172 
Thrombokinase, 172, 173 
Thunberg, 257 
Thymus gland, 618, 619 
role during growth, 622 
Thyone, blood corpuscles, 109 
hemoglobin, 109, 133 
Thyroid gland, 619 

effects, of feeding, on silkworms, 636 
of removal, 622, 623 
iodine content, 621 
role in animal body, 621-623 
Thyroxine, effects, on amphibian metamorphosis, 
623, 624 

on gas exchange of rat, 622 
role in animal body, 621-623 
Timm, 490 

Tissues, depression of freezing point, 61 
Tonus, of capillary walls, 197 
Tonotropic, 233 

Tortoise heart, carbon dioxide production, 236. 
Toxins, 616 

diffusion, 269 
ventilation, 269 

Tracheal gills, effects of removal, 271 , 

Tracheal system, bee, 268 
caterpillar, 269 

Transmission, rate in Metiidium, 564 . 

Transplantation, heteroiflaiStic, 690 
homeoplastic, 690^ 

I'xenoplastic, 69k> 

;■ TrswiM^ system," 104 ■ 


Traube, 53,417 
Treviranus, 272 
Trophic fibers, 326 
Trout, rate of metabolism, 283 
Trypsin, optimum pH for digestion, 307 
scorpion, 378 

Tryptic enzymes, sponges, 366 
Tryptophane, 397 
food for Colpidium, 338 
Tubifex, experiments on nutrition, 406 
Tubularia, role of hydrogen ions in regeneration, 
294 

Tyndall, 637 
Typhlosole, worms, 376 
Tyrode, saline solution, 166 

: xj ' 

XJmeda, 433 

Undulating membrane, 88, 437, 438 
Urates, 601 
in echinoderms, 477 
Urea, in echinoderms, 477 
excreted by Paramecium and Spirostomum, 
470,473 

Uric acid, in body fluids of echinoderms^ 479 
Cephalopoda, 496 
csxcreted by protozoa, 470, 471 
in silkworms, 501 
Urine, compared with blood, 609 

V 

Vagal (vagus) substance, 234, 236 
Vanadium, in blood of Phallusis, 117 
Van Beneden, 134 
Van der Hyde, 276 
Van Herwerden, 389 
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